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Abstract 
This thesis investigates the behaviours of iron(II) oxidation, iron(III) 
settling and total iron removal from ferruginous circumneutral, and to a 
lesser extent, acidic coal mine water discharges from across the globe. 
Comparisons are drawn between existing iron(II) oxidation and iron 
removal studies and new knowledge is developed in the area of iron(III) 
settling behaviour, iron removal rate-limiting steps and methods to 
examine the treatability of ferruginous circumneutral mine water. 
Measured iron(II) oxidation rates are shown to be higher in this 
study than previous authors’ work, which is likely to be due to higher 
concentrations of particulate iron(III) present in the mine water that acts 
to catalyse the oxidation reaction. The iron(III) settling rate constant is 
shown to be proportional to the initial total iron concentration, however it 
is also seemingly effected by the concentration of magnesium and calcium 
present in the mine water. Rates of total iron removal are shown to be in 
general linearly proportional to the initial total iron concentration due to 
the acidity of the mine water, and oxidation and settling rate limiting steps, 
however some data does lie off of the trendline, meaning that it would not 
be suitable to be used to predict final total iron concentrations. 
Additionally a small study on modelling of the settling lagoons to 
predict the outlet iron concentrations based upon the inlet conditions and 
hydraulics of the lagoon was conducted and compared to existing settling 
lagoon formulae to ascertain which was the most accurate in terms of 
correctly predicting the outlet iron concentrations. 
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Nomenclature 
Al  Aluminium 
B.D.T  Below the detectable threshold 
DI  De-ionised (water) 
DO  Dissolved oxygen 
HFO  Hydrous ferric oxide 
Fe  Iron, including both ferrous and ferric 
Fe(II)  Ferrous iron in the dissolved form 
Fe(III)  Ferric iron in the particulate form 
GARD  Global Acid Rock Drainage (Guide) 
N.M.  Not measured 
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PIRAMID Passive in-situ remediation of acidic mine/industrial drainage 
R²  Coefficient of determination 
RAPS  Reducing alkalinity producing system 
SAPS  Successive alkalinity producing systems 
SCOOFI Surface-catalysed oxidation of ferrous iron 
TC  Total carbon 
TIC  Total inorganic carbon 
TIS  Tanks in series 
TOC  Total organic carbon 
UK  United Kingdom 
UV  Ultraviolet  
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1.0 Introduction 
Contaminated water emanating from mines has caused pollution in ground and surface 
water for centuries, with contaminants such as aluminium, manganese, copper and iron 
all leading to the decline of flora and fauna in the watercourses. 
Treatment of the iron pollutant in these contaminated waters has only been occurring 
for the past 30 years in the UK and although much study has been undertaken on many 
aspects of the behaviour of ferruginous mine water the knowledge is still lacking to 
optimally and efficiently treat many mine waters. 
The focus in this thesis is upon the examination of the behaviour of ferruginous 
circumneutral mine water with a pH of 5 – 8 and total iron concentration of <80 mg/L. 
Also examined are a number of acidic mine waters of pH <3 and a variety mine waters 
from across the globe and different mine types. Some modelling of iron oxidation and 
settling rates has been conducted, results from which are then compared to measured 
behaviours in settling lagoons. 
Several terms are used throughout the thesis, which are defined as follows:  
 Ferrous iron, abbreviated to Fe(II) – this is iron with an oxidation number of +2 
and is typically dissolved at circumneutral pH and the concentrations examined 
within this thesis. 
 Ferric iron, abbreviated to Fe(III) – this is iron with an oxidation number of +3 
and is not dissolved at circumneutral pH, only suspended within the mine water , 
however may be dissolved or in colloidal form in significant concentrations at 
acidic pH. 
 Total iron, abbreviated to total Fe – this is the combined concentration of Fe(II) 
and Fe(III). 
 Fe(II) oxidation rate – the change in the concentration of Fe(II) over time, which 
has a rate constant of k (M-2/atm/min) and a pseudo-first order rate constant of 
k’ (d-1). 
 Fe(III) settling rate – this is the change in concentration of suspended particulate 
Fe(III) in solution over time and has a settling rate constant of k2 (d-1). It is the 
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combination of three separate processes that occurs to the Fe(III) after 
formation from Fe(II), which are; nucleation, floc formation and floc settlement. 
 Fe removal rate – the change in concentration of total Fe with time. 
 Settling lagoon – this is a ferruginous mine water treatment system that utilises 
naturally occurring physicochemical processes of oxidation and settlement to 
remove Fe from solution. It comprises of a basin of water that is usually 
rectangular in shape and around 1.5 m in depth, at the bottom of which the 
Fe(III) settles as an orange low density sludge known as ochre.  
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1.1 Aim & Objectives 
 
Aim 
To investigate the rates of ferrous iron oxidation, ferric iron settling and total iron 
removal from mine water discharges and compare these to real world settling lagoons.  
 
Objectives 
Develop an experimental procedure that can be used to measure the rates of ferrous 
iron oxidation and ferric iron settling in mine water. This objective is addressed in 
Chapter 4 – Methodologies. 
Determine the rates of iron oxidation, particulate iron settling and overall iron removal 
for multiple mine water discharges. This objective is addressed in Chapter 5 – Results, 
with the rates being calculated in section 5.5 – Oxidation, Settling and Removal Rates. 
Compare the measured rates of iron oxidation, particulate iron settling and overall iron 
removal to those found in literature. This objective was addressed in section 6.2.2 – 
Comparison of Oxidation, Settling and Removal Rates to Literature. 
Model theoretical oxidation, settling and removal rates and compare to measured rates 
occurring in settling lagoons. This objective was addressed in section 5.5.2 – Modelling 
of Oxidation and Settling Rates, section 5.7 – Settling Lagoon Monitoring Results, 
Chapter 7 – Modelling Iron Oxidation, Settling and Removal and Chapter 8 – Discussion 
of Modelling of Iron Oxidation, Settling and Removal. 
Determine the most accurate formulae for predicting the outlet iron concentrations 
from settling lagoons treating circumneutral ferruginous mine water and if applicable 
develop a more accurate formula. This objective was addressed in Chapter 7 – 
Modelling Iron Oxidation, Settling and Removal and Chapter 8 – Discussion of Modelling 
of Iron Oxidation, Settling and Removal. 
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2.0 Literature Review 
Coal has been mined in the UK for thousands of years, with mass exploitation of the 
coalfields commencing during the industrial revolution and continuing until the 1950s, 
when over a period of three decades the coal mines were closed, with the final deep pit 
colliery at Knottingley in Yorkshire closing in 2015 (BBC, 2015). Along with the coal 
mines the UK had a large number of metal mines, the majority of which are now closed. 
Both of these types of mine can negatively impact upon the local water quality through 
transfer of minerals from the mine into the ground and surface water  (PIRAMID, 2003). 
During underground mining lowering of the water table by means of pumps is 
necessary, however when the mine is abandoned the pumping ceases and over time the 
groundwater rebounds to its original levels. This floods the mine workings, where iron 
(Fe) rich minerals have been exposed, allowing them to interact with the water.  
Minerals found within the coal mines include iron pyrite (FeS2), which reacts with 
oxygenated water to form acidic mine water following the process in Equation 1 
(Younger et al, 2002). The mine water, with the ferrous iron (Fe(II)) dissolved in it, then 
leaves the mine workings through various pathways, such as tunnels, adits and 
naturally formed springs. Once exposed to oxygen the Fe(II) oxidises following the 
reactions in Equation 2 (Younger et al, 2002), forming ferric iron (Fe(III)) that is then 
hydrolysed, as shown in Equation 3 (Younger et al, 2002), the rates of which are 
governed by the pH of the water (Stumm and Lee, 1961). During these reactions other 
reactions may be occurring to the Fe, such as those detailed in Figure 1 (Melton et al, 
2014), however these may not all be occurring at the same time as each reaction 
favours different reaction conditions, such as low pH or low dissolved oxygen (DO) 
concentration. Once the Fe(II) has been hydrolysed and Fe(III) flocs formed the ferric 
oxyhydroxide solids settle along the waterbodies (Younger et al, 2002). This settled 
sludge, referred to as ochre in this thesis, but also known as hydrous ferric oxide, causes 
not only visual pollution, but most importantly smothers the bed of the watercourse, 
killing the invertebrates, leading to loss of food for the fauna (Younger et al, 2002). Due 
to these impacts all waterbodies in member states of the European Union are legislated 
through the Water Framework Directive (EPC, 2000), which puts a duty of care upon 
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each member nation to ensure that their waterbodies meet ‘good status’, with Fe being 
a targeted pollutant. 
Ochre occurs in a variety of colours on the orange spectrum from yellow to purple 
based upon their mineral composition and particle size and can also vary based upon 
what other minerals are co-precipitated. Red ochres chemical makeup is Fe2O3, brown 
ochre is FeO(OH) and yellow ochre is FeO(OH)·nH2O. 
 
2𝐹𝑒𝑆2(𝑠) + 7𝑂2(𝑎𝑞) + 2𝐻2𝑂 → 2𝐹𝑒
2+ + 4𝑆𝑂4
2− + 4𝐻+ 
Equation 1 Iron Pyrite Reaction to Form Dissolved Fe(II) (Younger et al, 2002) 
 
2𝐹𝑒2+ + ½𝑂2 + 2𝐻
+ → 2𝐹𝑒3+ + 𝐻2𝑂 
Equation 2 Fe(II) Oxidation Reaction (Younger et al, 2002) 
 
𝐹𝑒3+ + 2𝐻2𝑂 = 𝐹𝑒𝑂𝑂𝐻𝑠𝑢𝑠𝑝𝑒𝑛𝑑𝑒𝑑 + 3𝐻
+ 
Equation 3 Hydrolysis of Fe(III) (Younger et al, 2002) 
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Figure 1 Biogeochemical Fe Cycle Showing Oxidation and Reduction of Fe, with Biotic Processes on 
the Left and Abiotic Processes on the Right. These are listed in Thermodynamic Order (Melton et 
al, 2014) 
Contaminated mine drainage may occur anywhere where pyrite and other sulphide 
minerals, have been disturbed in mine workings, but can also occur naturally and is not 
limited to the UK, but anywhere with FeS2 deposits. To combat the problem of ochre 
formation in rivers, mine water treatment systems have been utilised. The general 
principal is to remove the majority of Fe from the water in a controlled manner prior to 
it reaching a watercourse. 
Treatment of ferruginous mine water is typically conducted using either active, passive 
or semi-passive systems. Active systems utilise chemicals and mechanical equipment to 
remove the iron from the mine water and are used where space is at a premium or 
where the mine water is difficult to treat passively due to high Fe concentrations. They 
are the least preferred method as they have the highest capital and operating costs. 
Passive treatment uses no energy or chemicals to treat the mine water and semi-passive 
only uses electricity for the pumps in the treatment of the mine water  (PIRAMID, 2003). 
Passive treatment systems may have a pH adjuster prior to the settling lagoon, such as a 
limestone bed or reducing and alkalinity producing system, which is used to increase 
the pH, which in turn also increases the rate of Fe(II) oxidation (Stumm and Lee, 1961). 
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After the pH adjustment are the aeration cascades, which are used to increase the 
concentration of DO within the water. Following on from these cascades is the settling 
lagoon, in which the Fe(II) oxidation reaction proceeds, forming Fe(II), which 
hydrolyses, precipitates and forms a layer of ochre sludge at the bottom of the lagoon 
(PIRAMID, 2003). A final polishing stage using reed beds removes the remainder of the 
Fe to typical concentrations of <1 mg/L, where it is then discharged into the 
watercourse. 
Correct design of these systems is important as within the UK the cost of implementing 
these systems is met through general taxation, with the Coal Authorities costs being 
sponsored by the Department for Business, Energy and Industrial Strategy (The Coal 
Authority, 2017). Design criteria in the PIRAMID guidelines are used by the Coal 
Authority in the UK for designing new treatment schemes. An alternative, but similar set 
of guidelines known as the ‘Global Acid Rock Drainage (GARD) Guide’ are used in the 
USA and many other countries, which lists similar design criteria as the PIRAMID 
guidelines. Correct sizing of the lagoons and reed beds are vitally important as under-
sizing has the potential to lead to incidents of pollution and over-sizing creates an 
unnecessary financial burden, therefore these design criteria must be accurate.  
A number of different criteria for sizing of the settling lagoon exist within the PIRAMID 
guidelines. These sizing criteria generate a wide range of settling lagoon and reed bed 
volumes required to treat the same mine waters, therefore the development of a more 
rigorous approach is desirable. It is intended with this research to develop such a robust 
and rigorous approach that represents the actual chemical processes occurring within 
the settling lagoons.  
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2.1 Settling Column 
The aim of this section is to provide the background information needed to aid in the 
creation of an experimental procedure that can be used to measure the rates of Fe(II) 
oxidation and Fe(III) settling in mine water. 
2.1.1 Settling Column 
In a settling lagoon treating circumneutral ferruginous mine water two main processes 
occur; the oxidation of Fe(II) and settling of Fe(III). If all external factors such as wind, 
volume of ochre and turbulence are removed that can cause variation in the flow then 
plug flow will occur. This is where the water passing through the lagoon can be thought 
of as a packet of water that moves at a rate proportional to the rate of flow into the 
lagoon. As such it is in essence a column of water the depth of the lagoon that passes 
through it. A column of water of similar depth would mimic this non-turbulent flow 
behaviour, such as is present in a settling column. 
Settling columns are used for measurement of the particle settling velocity distributions 
of polluted water in order to measure the pollutant removal rates so that sizing of 
treatment systems can be calculated (EPA, 2002). Typically the focus would be upon 
suspended solids, total solids and similar pollutants (EPA, 2002), but could also include 
settlement of precipitated flocs. 
The columns are typically 1.8 - 2.5 m in height and 0.2 - 0.3 m in diameter, with 
sampling ports evenly spaced down the length of the column. Samples are extracted 
from the sampling ports throughout the duration of the experiment, with the initial 
sample being taken immediately after filling (EPA, 2002). 
 
2.1.2 Settling Lagoon Hydraulics 
The drawbacks of settling columns are that they do not behave in an identical manner to 
a settling lagoon, instead they represent a column of water with plug-flow, the results 
from which can be used to calculate the outlet Fe concentrations from a settling lagoon. 
In a mature settling lagoon significant volumes of ochre have settled and may interact 
with the mine water to alter the rates of oxidation (Younger et al, 2002; Rentz et al, 
2007; Barnes, 2008; Melton et al, 2014). Lagoon hydraulics are also not accounted for 
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within the settling column, which after the initial turbulence from filling have subsided, 
are deemed to be non-turbulent. Length to width ratio, topography, inlet and outlet 
width, vegetation (Persson and Wittgren, 2003), shape, season, age (Kusin et al, 2012), 
wind (Aube et al, 2012) and bed roughness (Chirol et al, 2015) all affect the hydraulics 
in a settling lagoon.  
Tracer tests can be conducted to aid in the visualisation of flow patterns and calculation 
of actual residence time, such as has been conducted by Dong-kil (2016). In an extreme 
example a tracer test was conducted by Dong-kil (2016) on an octagonal shaped settling 
lagoon with narrow inlet and outlet points located directly opposite one another. 
Computer modelling demonstrated that short-circuiting dominated the flow pattern, 
with only 14.5% of the volume of the lagoon being used to treat the mine water, which 
can be clearly seen in Figure 2. 
 
                  
Figure 2 Residence Time of Mine Water in a Settling Lagoon (Dong-kil, 2016) 
 
A study by Thackston et al (1987) on residence time distributions of shallow basins 
showed that the length to width ratio of the lagoon was important in determining its 
hydraulic efficiency, which is the percentage of the lagoon actually used when flow 
anomalies, such as short-circuiting are taken into account. This study generated an 
effective volume as shown in Equation 4 that can be used to calculate an actual 
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residence time by using Equation 5. Effective (active) volumes vary between lagoons, 
with some being as low as 33% (Aube et al, 2012) and in extreme cases as low as 14.5% 
(Dong-kil, 2016). 
𝐸 = 0.84 [1 − 𝑒
(−0.59(
𝐿
𝑊
))
] 
Where: 
E Effective volume (ratio lagoon volume: lagoon volume used) 
L Length of lagoon (m) 
W Width of lagoon (m) 
Equation 4 Calculation of Effective Volume in a Lagoon Taking into Account the Length: Width 
Ratio (Thackston et al, 1987) 
 
𝑡𝑟 = 𝑡𝑝𝑓𝐸 
Where: 
E Effective volume (ratio lagoon volume: lagoon volume used) 
tr Actual residence time 
tpf Plug flow residence time 
Equation 5 Calculation of Actual Residence Time Using Effective Volume Ratio 
 
A further complexity in calculation of the effective volume is the variability of the flow 
rate, which in systems such as Taff Merthyr (which is used as a case study in this thesis) 
can vary from flow rates of 0 L/s to a maximum of 104 L/s, due to pump timings being 
based upon a level switch. This will cause the rates of transfer across the lagoon to vary 
considerably, along with the flow dynamics, meaning that no simple method can be used 
to determine a consistent flow pattern as no consistent flow pattern will exist at sites 
such as Taff Merthyr, unless the flowrate is consistent. 
Overall a settling column could be used to determine the rates of Fe(II) oxidation and 
Fe(III) settling. To take into account the hydraulics of the lagoon the actual residence 
time calculated using the effective volume can be used.  For example one particular 
study by the EPA (1974) on particle settling in a tailings dam utilised a settling column 
test to measure settling rates and a tracer test to calculate the residence time, which 
when combined were used to successfully predict the outlet particulate concentrations.   
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2.2 Iron Oxidation, Settling and Removal Processes 
The aim of this section is to provide the background information needed to aid in the 
determination of rates of Fe(II) oxidation, Fe(III) settling and Fe removal for mine water 
discharges, whilst also providing literature on previously measured rates of Fe(II) 
oxidation, Fe(III) settling and Fe removal. Modelling techniques to predict the outlet 
concentrations of Fe are shown and expanded upon in the design sizing criteria section.  
Oxidation and settling are the most important physicochemical processes that occur 
within a settling lagoon treating ferruginous mine water, combining to form the overall 
Fe removal rate. 
2.2.1 Oxidation of Ferrous Iron 
Fe(II) is a divalent Fe mineral with a +2 oxidation state. Fe(II) species most commonly 
found in mine waters include oxides and hydroxides. Oxidation reactions of different 
species of Fe(II), which occur simultaneously, include the reactions in Equation 6 
(Younger et al, 2002). These reactions can occur through microbial/homogeneous or 
chemical/heterogeneous oxidation, shown in Figure 3 (Melton et al, 2014), which also 
shows how microorganisms can aid in the removal of Fe.  
Figure 3 shows “different stages of abiotic and Microbially mediated Fe(II) oxidation. 
Microbial Fe(II) oxidation by microaerophilic Fe(II) oxidizers occurs at low oxygen 
concentrations, and homogeneous abiotic Fe(II) oxidation occurs simultaneously at high 
oxygen concentrations. Fe(III) mineral products are formed, followed by precipitation 
and encrustation (for example, at the twisted stalks of Gallionella spp. and 
Mariprofundus spp. strains). The precipitated Fe(III) minerals function as a surface 
catalyst for further chemical Fe(II) oxidation (that is, heterogeneous Fe(II) oxidation), 
which ensues in parallel to microbial and homogeneous Fe(II) oxidation.” (Melton et al, 
2014). 
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Figure 3 Microbially and Chemically Mediated Fe(II) Oxidation by Oxygen (Melton et al, 2014) 
 
2𝐹𝑒(𝑂𝐻)+ + ½𝑂2 + 2𝐻
+ → 2𝐹𝑒(𝑂𝐻)2+ + 𝐻2𝑂 
2𝐹𝑒(𝑂𝐻)2(𝑎𝑞) + ½𝑂2 + 2𝐻
+ → 2𝐹𝑒(𝑂𝐻)2+ + 𝐻2𝑂 
Equation 6 Oxidation of Fe(II) Species by Oxygen (Younger et al, 2002) 
 
For each 1.00 mg/L of Fe(II) oxidised following the reactions in Equation 6, 0.14 mg/L 
of DO is required. The dominant Fe(II) oxidation reaction at pH 6 – 8 is the oxidation of 
Fe(OH)2 to Fe(OH)2+, however there are other Fe(II) species that react, such as Fe(OH)3-, 
although the amount of these species present in the water is dictated by the pH (Millero 
et al, 1987). When exposed to oxygen in the air Fe(II) becomes unstable and oxidises to 
Fe(III). Fe(III) is a trivalent Fe species with a +3 oxidation state. It is the most stable Fe 
species found in air. 
 
Homogeneous Fe(II) Oxidation 
Homogeneous oxidation of Fe(II) occurs after exposure to oxygen dissolved in the mine 
water, which is increased in passive treatment systems through the use of aeration 
cascades. The factors which primarily influence the rate of oxidation are; initial Fe(II) 
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concentration, DO concentration and pH, with their influences described in Equation 7. 
In sea water, which is highly saline at pH 5 – 6 this relationship does not hold as the 
reaction of the Fe(OH)+ species is greatly reduced (Millero, 1985). As can be seen in 
Figure 4 (Singer and Stumm 1970), Equation 7 and Equation 8 (Stumm and Lee, 1961) 
can be used to calculate the oxidation rate constant k and are applicable in 
circumneutral waters of pH >5. For pH <3.5 Equation 10 can be used to calculate the 
oxidation rate constant. For a fixed pH and partial pressure Equation 8 can be re-
written in the form of Equation 9 (Stumm and Lee, 1961). 
 
𝑑𝐹𝑒(𝐼𝐼)
𝑑𝑡
= 𝑘
[𝐹𝑒(𝐼𝐼)][𝑂2]
[𝐻+]2
 
Where: 
k Rate constant 
Fe(II) Molar concentration of Fe(II) (mol) 
O2 Molar concentration of DO (mol) 
H+ Molar concentration of H+ (mol) 
t Time 
Equation 7 Homogeneous Oxidation of Fe(II) at pH >5 (Stumm and Lee, 1961) 
 
−𝑑𝐹𝑒(𝐼𝐼)
𝑑𝑡
= 𝑘[𝐹𝑒(𝐼𝐼)][𝑃𝑂2][𝑂𝐻
−]2 
Where: 
k Rate constant (M-2/atm/min) 
Fe(II) Molar concentration of Fe(II) 
PO2 Partial pressure of oxygen in solution (atm-1) 
OH- Molar concentration of hydroxide (mol) 
t Time 
Equation 8 Homogeneous Oxidation of Fe(II) in Bicarbonate Systems (Stumm and Lee, 1961) 
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−𝑑𝐹𝑒(𝐼𝐼)
𝑑𝑡
= 𝑘′[𝐹𝑒(𝐼𝐼)] 
Where: 
k' Fe(II) oxidation rate constant (d-1) 
Fe(II) Concentration of Fe(II) 
t Time 
Equation 9 Homogeneous Oxidation of Fe(II) in Bicarbonate Systems for a Fixed pH and DO 
(Stumm and Lee, 1961) 
 
𝑑𝐹𝑒(𝐼𝐼)
𝑑𝑡
= 𝑘[𝐹𝑒(𝐼𝐼)]𝑃𝑂2 
Where: 
k Fe(II) oxidation rate constant (atm/min) 
Fe(II) Molar concentration of Fe(II) 
PO2 Partial pressure of oxygen in solution (atm) 
t Time 
Equation 10 Homogeneous Oxidation of Fe(II) at pH <3.5 
 
 
Figure 4 Rate of Fe(II) Oxidation in Water of Varying pH (Singer and Stumm, 1970) 
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Factors Influencing Homogeneous Fe(II) Oxidation Rates 
The rate constant k in Equation 7, Equation 8 and Equation 10, may vary for each mine 
water due to the differing background chemistry, for example copper in quantities >0.2 
mg/L acts as a catalyst to increase the rate of reaction by up to five times (Stumm and 
Lee, 1961). Other metal ions, such as manganese and cobalt also act as catalysts and 
increase the rate of reaction, Anions (except OH-) that form complexes with Fe(III), such 
as metaphosphate, can increase the rate of oxidation of Fe(II) (Stumm and Lee, 1961). 
Chlorides and sulphates have been shown to slow the reaction rate in seawater by 
around 30% (Millero, 1985). An increase in salinity also decreases the rate of oxidation, 
thought to be due to the increase in chloride and sulphide ions (Davison and Seed, 
1983). The Fe(II) oxidation rate constant k varies in different mine waters (Geroni and 
Sapsford, 2011) but is suggested to be universal in natural fresh waters of pH 6.5 – 7.4, 
with proposed rate constants shown in Table 1. Some of these are measured from 
naturally occurring mine water and others from lab created mine water, all with Fe(II) 
concentrations <5 mg/L. The higher rate constant k measured by Geroni and Sapsford 
(2011) in Table 1, compared to other authors work is thought to be caused by 
heterogeneous oxidation on the particulate Fe(III) that is present in the mine water. 
 
Table 1 Fe(II) Oxidation Rate Constants 
k 1013 M-2/atm/min Author 
1.5 (±0.5)S Stumm and Lee (1961) 
2.1 (±0.5) Shenk and Webber (1968) 
1.5 – 3.2 Davison and Seed (1968) 
2.0 – 3.2 Millero (1985) 
3.0 Llang et al (1993) 
27.0 – 2700.0 Geroni and Sapsford (2011) 
 
Temperature of the mine water affects the rates of reaction with a  reduction in 
temperature leading to a decrease in the rate of reaction (Stumm and Lee, 1961; Millero 
et al, 1987). Also affected by temperature is the water dissociation constant (Kw), 
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however this can be corrected for in Equation 8 by using Equation 11 (Sapsford, 2013). 
Another effect of reduction in temperature is an increase in concentration of dissolved 
carbon dioxide if it is present, which in turn lowers the pH causing a slower rate of 
Fe(II) oxidation (Brown et al, 2002). Aeration can also aid in driving off the dissolved 
CO2, which will raise the pH and increase the rate of reaction (Kirby et al, 2009). 
 
Oxidation of Fe(II) uses the DO present in the mine water and depending upon the 
concentration of Fe(II) the DO can decrease to 0 mg/L, which can occur for high initial 
Fe(II) concentrations (Kirby et al, 2009). Once the majority of the DO is consumed in the 
mine water from the oxidation of Fe(II), the rate limiting step then changes to oxygen 
transfer between the air and the mine water, which is a slow pro cess. Typically the 
oxygen transfer process is near 0 mg/L/hr for a velocity of 0.005 m/s, calculated using 
Equation 12 and the oxygen liquid film coefficient for flow in a river (Calamari, 1993), 
therefore once the oxygen has been dissolved into the water at the aeration cascades no 
further significant quantities of oxygen will enter the mine water  in the settling lagoon. 
At equilibrium the concentration of DO is 11.27 mg/L at 10°C, reducing to 9.07 mg/L at 
20°C (AWWA, 2005) and further declining with increasing temperature, however this is 
no indication of the DO present when the mine water enters the treatment system.  
 
𝑂𝐻− =
𝐾𝑤
10𝑝𝐻
 
𝐾𝑤 = 0.000000000000001𝑒(0.0852 𝑇) 
Where: 
OH- Molar concentration of hydroxide (mol) 
Kw Water dissociation constant (mol/L²) 
T Temperature (°C) 
Equation 11 Calculation of the Water Dissociation Constant Kw 
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𝑑𝐶
𝑑𝑡
= 𝑘𝐿
𝐴
𝑉
(𝐶𝑠 − 𝐶𝑡) 
Where: 
A Surface area associated with the volume of water over which the gas transfer 
occurs (m²) 
Ct Concentration of dissolved oxygen at time t (mg/L) 
Cs Saturation concentration of dissolved oxygen (mg/L) 
kL Liquid film coefficient for oxygen (m/h) 
V Volume of water (m³) 
Equation 12 Oxygen Transfer Rate into Water 
 
Studies conducted on the rate of Fe(II) oxidation with respect to the depth in a lake 
concluded that the rate of oxidation did not increase with depth below the surface, even 
though an increase in bacteria was measured (Davison and Seed, 1983), showing that it 
was purely abiotic oxidation occurring in this study. 
Natural organic matter (NOM) can also retard the Fe(II) oxidation process. A study by 
Theis and Singer (1974) found that products of vegetative decay, such as tannic acid, 
gallic acid and pyrogallol can slow the oxidation of Fe(II) at circumneutral pH and high 
DO partial pressure. It was shown that this was due to the formation of an oxidation 
resistant complex between tannic acid and Fe(II) and that increasing concentrations of 
NOM enhance this affect (Theis and Singer, 1974). Conversely research by Llang et al 
(1993) showed that at low oxygen partial pressure some types of organic compounds, 
such as NOM, fulvic acid and polyglutamate, actually accelerated the Fe(II) oxidation 
reaction, with reaction rates being up to five times higher than without the NOM 
present. At high partial pressure there appeared to  be little or no effect due to the NOM 
(Llang et al, 1993). 
 
Microbial Fe(II) Oxidation 
Microbial oxidation of Fe(II) can occur alongside abiotic oxidation in passive treatment 
systems, with the relative dominance of one or other processes being pH dependant 
(Kirby et al, 1999; Younger et al, 2002; Melton et al, 2014), with relative dominances 
being shown in Figure 5 (Kirby et al, 1999). Low oxygen concentrations also cause 
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bacterial oxidation to be the dominant oxidation process (Melton et al, 2014), as 
demonstrated in Figure 3. At low pH biotic oxidation is the dominant oxidation reaction, 
occurring at up to 106 times faster than abiotic oxidation at that pH (Younger et al, 
2002; Nordstrom, 2003), whilst at pH 6 – 7 abiotic oxidation dominates (Athay et al, 
2001; Nordstrom et al, 2015). Biotic oxidation is the dominant reaction at low pH due to 
the very slow rate of abiotic oxidation, which is slow due to the low concentration of 
OH- molecules and therefore the iron oxygenation reactions presented by Stumm and 
Lee (1961) are lacking a key reaction component. Conversely, one study has found the 
rates of oxidation attributable to biological oxidation of the Fe(II), at circumneutral pH, 
is far greater than the rates of chemical oxidation alone (Rentz et al, 2007), therefore 
showing that bacterial oxidation can be an important factor at circumneutral pH. Figure 
6 (Campbell et al, 2013) demonstrates the effect that bacteria can have upon the rates of 
Fe(II) oxidation in acidic mine water. It also shows that in a batch test there is a lag time 
associated with the initial growth of the bacteria, which then, along with the increased 
concentration of Fe(III), speed up the rate of Fe(II) oxidation (Campbell et al, 2013). The 
structures created by bacterial oxidation of the Fe(II) have a high surface area, which 
further increases the rate of oxidation by means of autocatalysis (Rentz et al, 2007).  
Microbial phototrophic Fe(II) oxidation can also occur where bicarbonate, carbon and 
light energy are present (Melton et al, 2014). Another aspect that can reduce the rate of 
reaction are organic ligands that complex Fe(II) (Stumm and Lee, 1987). 
 
Figure 5 Rate of Fe(II) Oxidation Showing the Influence of pH on Abiotic and Biological Rate Laws 
(Kirby et al, 1999) 
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Heterogeneous Fe(II) Oxidation 
Ochre can oxidise the Fe(II) by initially adsorbing the dissolved Fe(II), then acting as a 
catalyst to rapidly oxidise it to Fe(III), following the mechanism shown in Figure 3 
(Younger et al, 2002; Melton et al, 2014) and obeying the law in Equation 13. This 
process is known by a number of names, such as heterogeneous oxidation, 
autocatalysis, auto-oxidation and also surface-catalysed oxidation of Fe(II) (SCOOFI). 
Autocatalysis can be an important factor in Fe(II) oxidation and may contribute 
between 24.6% and 70.7% of the total oxidation occurring within the system (Rentz et 
al, 2007), however it is only experienced around pH 7 and above (Sung and Morgan, 
1980), also as the pH decreases so does the rate of adsorption of Fe(II) onto Fe(III), 
therefore reducing the conditions necessary for autocatalysis to occur.  This is 
contrasted by the work conducted by Geroni and Sapsford (2011), which found that 
heterogeneous oxidation may be important down to pH 5.6. Rates of autocatalysis also 
appear to be affected by the characteristics of the Fe oxides present i.e. surface area 
(Rentz et al, 2007). Conversely research undertaken by Barnes (2008) on 
heterogeneous Fe(II) oxidation rates concluded that heterogeneous oxidation can also 
occur at pH 4 – 6 and that the rate of oxidation of dissolved Fe(II) increases with 
increasing concentrations of goethite (ochre) up to 25 g/L, at which point the rate of 
oxidation of dissolved Fe(II) decreases, instead being replaced by sorption of Fe(II) onto 
the goethite. The maximum percentage of Fe(II) that was oxidised after 48 hours in this 
experiment was 79%, however even at lower goethite concentrations of around 5 g/L 
roughly 50% of the Fe(II) was oxidised, compared to only 7% Fe(II) oxidation when no 
goethite was present (Barnes, 2008). Comparing the effects of Fe(III) and bacterial 
addition to Fe(II) rich acidic mine water in Figure 6 shows that these two factors greatly 
increase the rate of Fe(II) oxidation in acidic mine waters (Campbell et al, 2013).  A 
range of Fe(III) concentrations from 1 – 1087 mg/L were used by Dietz and Dempsey 
(2002) in a mine water solution of pH 6.3 – 6.6 with recirculated sludge, which showed 
that even low concentrations of 6 mg/L Fe(III) greatly increased the rate of Fe(II) 
oxidation from 0.02 mg/L/min to 0.05 mg/L/min, with higher Fe(III) concentrations 
increasing the rate of Fe(II) oxidation even further. Fe(II) concentrations in the range 6 
– 80 mg/L were found to increase the rate of oxidation in a study by Geroni and 
Sapsford (2011).  
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The concentrations of ochre used in the research by Barnes (2008), Rentz et al (2007) 
and Campbell (2013) are much higher, into g/L, than the concentrations found within 
the layer of water flowing above the ochre in a settling lagoon. This means that 
autocatalysis may have little or no effect at all upon the rates of oxidation in 
circumneutral mine water in settling lagoons due to the low Fe(III) concentrations of 
around 8 mg/L found within the mine water. Research by Dietz and Dempsey (2002) 
and Geroni and Sapsford (2011) disprove this as the concentration of Fe(III) present 
within the water is low at 6 mg/L and above. At deeper depths within the lagoon the 
mine water will contact with the ochre more and may even have flow channels passing 
through it, although to what extent is not known. These interactions will also vary with 
differing flow rates, age of the lagoon and at different sites so it is almost impossible to 
give an overarching result that defines the impact on the rates of Fe(II) from the ochre.  
 
𝑑𝐹𝑒(𝐼𝐼)
𝑑𝑡
= (𝑘1 + 𝑘3[𝐹𝑒(𝐼𝐼𝐼)])[𝐹𝑒(𝐼𝐼)] 
𝑘3 = 𝑘𝑠[𝑂2]𝐾/[𝐻
+] 
Where: 
K Adsorption constant of Fe(II) onto Fe(III) (10-4.85) 
Fe Molar concentration of Fe 
k1 Homogeneous rate constant (min-1) 
k3 Heterogeneous rate constant (M-1/min) 
ks Surface catalysed rate of ochre 
O2 Concentration of oxygen in the solution 
H+ Molar concentration of H+ 
t Time 
Equation 13 Heterogeneous Oxidation of Fe(II) 
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Figure 6 Oxidation of Aqueous Fe(II) Showing the Effects of Bacteria and Fe(III) (Campbell et al, 
2013) 
 
Prediction of Fe(II) Outlet Concentrations 
Calculation of the theoretical outlet Fe(II) concentrations from a lagoon can be 
conducted using Equation 8 and the oxidation rate constants k in Table 1, however this 
method does not take into account factors such as ochre and microbial oxidation and 
the possible variation of k for each mine water, or the hydraulics of the lagoon and 
therefore will not be accurate when used on its own to determine outlet Fe(II) 
concentrations from a settling lagoon. 
Alternatively Equation 14 (Sapsford, 2013) can be used to calculate the Fe(II) outlet 
concentration, with k’ being calculated using Equation 9, however this method also does 
not take into account the chemistry of the mine water and the possible variation of k, 
unless these variables are measured using a column study for that particular mine 
water. Lagoon hydraulics are not taken into account using this equation. 
Kusin (2011) uses a tanks in series model in Equation 15 to calculate the outlet Fe(II) 
concentration. This is based upon two continuous stirred tank reactors in se ries and 
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uses the pseudo first order rate constant k’ in Equation 9. It represents the chemistry of 
the mine water by using k’ and the stirred tank reactor method is supposed to represent 
the hydraulics of a lagoon, however both of these do not take into account the individual 
chemistries of the mine water, or hydraulics of the specific lagoon. 
 
[𝐹𝑒(𝐼𝐼)]𝑡 = [𝐹𝑒(𝐼𝐼)]0𝑒
−𝑘′ 𝑡 
Where: 
Fe(II)t  Fe(II) concentration at time (mg/L) 
Fe(II)0  Initial Fe(II) concentration (mg/L) 
k'  Pseudo first order rate constant for Fe(II) oxidation (d -1) 
t  Residence time (d) 
Equation 14 Prediction of Outlet Fe(II) Concentration with Time (Sapsford, 2013) 
 
[𝐹𝑒(𝐼𝐼)]𝑡 =
[𝐹𝑒(𝐼𝐼)]1
1 + (𝑘′ (
𝑡𝑟
2 ))
 
[𝐹𝑒(𝐼𝐼)]1 =
[𝐹𝑒(𝐼𝐼)]0
1 + (𝑘′ (
𝑡𝑟
2 ))
 
Where: 
Fe(II)t  Fe(II) concentration at time (mg/L) 
Fe(II)0  Initial Fe(II) concentration (mg/L) 
Fe(II)1  Fe(II) concentration after the first theoretical tank (mg/L) 
k'  Pseudo first order rate constant for Fe(II) oxidation (d -1) 
tr  Residence time (d) 
Equation 15 Tanks in Series Prediction of Outlet Fe(II) Concentration with Time (Kusin, 2011) 
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2.2.2 Settling of Ferric Iron  
Settling of Fe(III) in circumneutral mine water occurs when the Fe is in the particulate 
Fe(III) form, due to Fe(III) having an extremely low solubility as shown in Figure 7 
(Baes and Mesmer, 1976) compared to that of Fe(II) in Figure 8 (Singer and Stumm, 
1968). The solubility of Fe(III) is also affected by temperature, with a decrease in 
temperature leading to an increase in solubility, although this is only a minor increase 
(Liu and Millero, 2002). Once the Fe(II) has oxidised to Fe(III) it initially forms 
amorphous crystallites and once settled in crystalline phase is most commonly found as 
geothite (Grundl and Delwiche, 1993). Once settled the Fe forms low density sludge, 
known as ochre, which has a density of 0.1 – 0.3 kg/L (Dempsey and Jeon, 2001). This 
smothers the bed of the watercourse, destroying the habitat for the micro -organisms 
and insects which the fish feed upon, causing a decline in the biodiversity of the 
watercourse (PIRAMID, 2003). 
 
Figure 7 Solubility of Fe(III) Species at pH 0 – 12 (Baes and Mesmer, 1976) 
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Figure 8 Solubility of Fe(II) Species at pH 7 – 13 in Waters Free of Appreciable Alkalinity and 
Sulphide (Singer and Stumm, 1968) 
 
Hydrolysis and Precipitation of Fe(III) 
A study by Grundl and Delwiche (1993) found that once the Fe(II) had been oxidised to 
Fe(III) it was precipitated by hydrolysis in the following way. Small polymers of ferric 
hydroxide expand to form large ferric hydroxide polymers, which in turn form colloidal 
sized hydroxide solids that are then almost instantaneously hydrolysed. This occurs 
throughout the Fe(II) oxidation process, therefore the ochre that is formed has a 
complex chemistry due to the state of crystallisation of the Fe(III) and co-precipitation 
of other minerals. The rate limiting factor in Fe(III) removal is the precipitation of the 
Fe(III) solids (Grundl and Delwiche, 1993). 
The concentration of Fe(III) in the solution can affect the rate of precipitation. In high 
supersaturated concentrations a higher settling rate is experienced, which is due to an 
increased number of nucleation sites forming and thus co mbining to form larger 
colloids that settle faster. In low supersaturation conditions there are less initial 
nucleation sites, therefore the precipitation occurs slowly initially, however it then 
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rapidly occurs due to the condensation of monomeric 𝐹𝑒(𝑂𝐻)3
0 onto the nuclei (Grundl 
and Delwiche, 1993). 
A study by Diz et al (1999) on synthetic mine water was conducted to determine if 
metallic ions other than Fe affect the rate of precipitation, which concluded that 
manganese and aluminium (Al) do not affect the rate of Fe(III) precipitation at pH 2.3 
and concentrations up to 110 mg/L manganese and 270 mg/L Al. Instead the study 
found that increasing the pH or initial Fe(III) concentration and reducing the sulphate 
concentration are the most important factors in increasing the rate of Fe(III) 
precipitation. The sulphate reduces the rate of precipitation by sorbing onto the surface 
of the ochre, thereby limiting its growth. 
 
Mechanisms of Particle Settling 
In a non-turbulent (laminar) system settling of particulates can occur by means of 
discrete particle settling, flocculant settling, hindered settling (aka zone settling), or 
compression settling (Kocamemi, 2010). Discrete particulate settling is where the 
individual particles settle without flocculating (i.e. changing size, shape or density), or 
interaction with other particles, for example the settling of sand. Flocculant settling is 
where the particulate interacts with other particulates to form a floc, which settles 
faster than individual particulates, for example settling of suspended solids after 
addition of a coagulant. Zone settling occurs in moderate concentration suspensions of a 
flocculent nature, where the interparticle forces hold them in fixed positions relative to 
one another, therefore causing the suspension to settle as one. In zone settling a 
boundary layer is seen to form, above which the concentration of the contaminant is 
low to zero. Compression settling occurs in high concentration solutions, which can only 
settle through compression due to the mass of the particles suspended within the 
solution (Kocamemi, 2010). Settling of wet weather flow solids is through discrete and 
flocculant settling (EPA, 2002). 
In discrete particle settling the particles do not flocculate, instead they remain as 
individual particles. They settle at a constant rate, with gravity and buoyancy being the 
two main forces acting on the particle across the vertical plane. When the particle starts 
moving drag forces also become an important factor in rate of settling. In a laminar 
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flowing system the velocity at which a spherical particle will settle is dictated by Stokes 
Law, Equation 16. If the particulates are not spherical, such as flocs and therefore do not 
obey Equation 16, then Equation 17 can be applied (Kocamemi, 2010). 
 
𝑣 =
(𝜌𝑝 − 𝜌)𝑔𝑑
2
18𝜇
 
Where: 
v Velocity of settling (m/s) 
⍴p Density of particulate (kg/m3) 
⍴ Density of water (kg/m3) 
g Gravitational acceleration (m/s2) 
d Radius of the particle (m) 
µ Dynamic viscosity (kg/m/s) 
Equation 16 Stokes Law for Spherical Particulate Settling Under Laminar Flow 
 
𝑣 = √
2(𝜌𝑝 − 𝜌)𝑔𝑉
𝐶𝐷𝐴𝜌
 
Where: 
v Velocity of settling (m/s1) 
⍴p Density of particulate (kg/m3) 
⍴ Density of water (kg/m3) 
g Gravitational acceleration (m/s²) 
V Volume of the particle (m³) 
A Cross sectional area of the particle (m²) 
CD Coefficient of drag (kg/m/s) 
Equation 17 Settling Velocity of a Discrete Particle of Irregular Shape (Kocamemi, 2010) 
 
Flocculant settling is where discrete particles agglomerate to form a larger particle. 
These larger particles settle faster than an individual discrete particle, however their 
settling rate cannot be determined using either of the settling velocity equations above, 
instead the settling velocity of these particulates must be measured using a settling 
column (Kocamemi, 2010).  
Chapter Two – Literature Review 
27 
 
Zeta potential, also referred to as electrokinetic potential, is “a measure of the 
magnitude of the electrostatic or charge repulsion/attraction between particles, and is 
one of the fundamental parameters known to affect [particulate] stability” (Malvern, 
2016). It is measured as the difference in charge between the particles interfacial 
double layer and the bulk fluid upon which the particle is suspended. The closer to zero 
the zeta potential is, the more likely the Fe(III) particulates may coagulate, thus forming 
flocs and settling (Barnes et al, 2009), however the zeta potential varies for different 
mine waters, which is likely influenced by site specific conditions, such as the 
background chemistry (Sapsford, 2013). Zeta potential was measured at a number of 
sites treating circumneutral ferruginous mine drainage in Pennsylvania, USA by 
Dempsey and Jeon (2001). The values ranged from -13.5 mV to 1.13 mV, with eight out 
of ten sites having negative values averaging at -10.8 mV. The study also noted that zeta 
potential was related to pH, as shown in Figure 9. 
 
Figure 9 Relationship Between Zeta Potential and pH (Dempsey and Jeon, 200 1) 
 
Organic matter present within the mine water can also act as a flocculant, over time 
aiding in the formation of large aggregates, which unlike colloids, will rapidly settle 
(Pizzaro et al, 1995). Aquagenic biopolymers in low concentrations of carbon <4 mg/L 
Chapter Two – Literature Review 
28 
 
have been shown to be a cause of coagulation/flocculation in colloidal Fe(III) 
particulates (Wilkinson et al, 1997). Conversely other NOM in the form of fulvic acid at 
concentrations of carbon at 0.1 – 6.3 mg/L aids in the stabilisation of the Fe(III) colloids 
(Llang et al, 1993; Wilkinson et al, 1997). NOM can also complex with the Fe(III), or 
allow it to stay in the colloid form, therefore being able to pass a 0.45 μm filter and thus 
classified as dissolved (Peiffer et al, 1999). A study by Peiffer et al (1999) on Fe 
contaminated borehole water emanating from mine drainage at circumneutral pH, 
showed that there was Fe(III) present in concentrations up to 70 mg/L, which could 
pass a 0.45 μm filter. Carbon concentrations from the NOM were measured as being 
24.6 mg/L. As the concentration of carbon was too low for even small organic ligands to 
be fully complexing the Fe(III) into colloidal form, it was theorised that fulvic acids were 
causing a negative surface charge on the Fe(III) colloids, which was stabilising them in 
colloid form (Peiffer et al, 1999). If this was the only aspect of the mine water affecting 
the surface charge then the Fe(III) would always remain in colloid form, however 
calcium and magnesium are known to positively affect the surface charge, therefore 
balancing out the fulvic acids negative charge, thus allowing the Fe(III) to form flocs and 
settle (Tipping and Cooke, 1982; Amirbahman and Olson, 1995; Peiffer et al, 1999). The 
bore water studied by Peiffer et al (1999) did not contain calcium or magnesium and 
that is therefore why high concentrations of dissolved Fe(III) were measured. This 
effect of increasing the concentration of calcium and sodium to destabilise the NOM 
stabilised Fe(III) colloids was seen to be occurring in a synthetic estuary/mine water 
solution in the research by Mylon et al (2004). It showed that as the salinity increased, 
so did the percentage Fe removal, which was thought to be caused by either the calcium 
complexing the carboxylic acid groups on the NOM (Suwannee River humic acid) 
causing either dehydration of the NOM and therefore enhancing the self -association and 
reducing the interaction with the colloids, or it is causing the NOM molecules to flatten 
out on the surface of the colloids, instead of pointing outwards, which affects the 
amount of electrosteric interactions (Mylon et al, 2004). 
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Factors Influencing Fe(III) Settling Rates 
Little research has been conducted on the settling rate behaviour of Fe in mine water, 
however authors such as Younger et al (2002) theorised that the rate of settling may be 
related to the initial Fe concentration. Hedin and Nairn (1990) suggested that “Fe 
removal rates are correlated with Fe concentration” for wetlands, whether this is 
applicable to settling ponds and Fe(III) settling is unknown. For mine waters greater 
than pH 6, with low flow Younger et al (2002) proposed that “the suspended 
particulates…slowly sink and coalesce into larger settleable solids, at a rate which is 
presumed to be a function of Fe concentration”. Grundl and Delwiche (1993) concluded 
that the concentration of Fe(III) in the solution can affect the rate of precipitation  and 
that in high supersaturated concentrations a higher settling rate is experienced, which 
is due to an increased number of nucleation sites forming and thus combining to form 
larger colloids that settle faster. 
One study on particulate Fe(III) settling rates using settling columns and laboratory 
simulated mine waters focused upon circumneutral and high pH waters in the range of 
6 – 10 and found that there was no great difference between settling rates of Fe(III) at 
each pH tested (Hove et al, 2007), however the pH does affect the size of the flocs 
formed, with larger flocs forming at lower pH, but also more particles being formed at 
higher pH, with a size/number distribution shown in Figure 10 (Hove et al, 2007). At pH 
6 the particle size distribution was bimodal at 0.08 – 0.25 μm and 0.48 – 0.60 μm, whilst 
at pH 8 this reduced to 0.02 – 0.20 μm (Hove et al, 2007), with the difference being due 
to the rate at which the Fe(III) was formed. The study did not monitor Fe(III) 
concentration with time, therefore it is not known if these particles are representative 
of the Fe(III) flocs that are forming and settling, only the Fe(III) flocs that are suspended 
in solution at the time of sampling. 
Another study on naturally occurring mine water, where the Fe(II) had been fully 
oxidized to Fe(III), found that settling rates of particulate Fe(III) demonstrated first-
order behavior with respect to the concentration of particulate Fe(III) (Sapsford, 2013), 
with linear settling rates increasing as the initial Fe(III) concentration increased. This 
settling behavior is similar to that witnessed by Pizzaro et al (1995).  
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Figure 10 Particle Size/Number Distribution After Five Minutes of Fe(II) Reaction (Hove et al, 
2007) 
 
The linear Fe removal rates (which were linearized for simplicity), which are also the 
Fe(III) settling rates due to no Fe(II) being present, are shown in Table 2 for the settling 
column experiments conducted by Sapsford (2013). These were in the range 0.06 – 2.99 
mg/L/hr for naturally occurring mine waters and 14.91 mg/L/hr for synthetic mine 
water (Sapsford and Pugh, 2010), which was at a concentration five times that of the 
naturally occurring mine water. The trends generated in Figure 11 appear to be linear 
for the lower initial Fe(III) concentration mine waters, however Corrwg the synthetic 
mine water shows a slowing of the settling rate as the concentration of the Fe in the 
mine water decreases, which the others do not. This may be due to being a synthetic 
mine water, therefore not containing many of the other characteristics of natura l mine 
water, such as high sulfate or calcium concentrations and therefore not representing the 
true nature of the mine water. Alternatively it may be due to the effects of high 
supersaturation as studied by Grundl and Delwiche (1993), or the rate of Fe(III) settling 
may be proportional to the initial Fe(III) concentration in circumneutral mine water . 
This relationship between Fe(III) settling rate and initial Fe(III) co ncentration is also 
seen for the Fe(III) settling rate constant k2. A drawback from this study when 
compared to the mine waters in this thesis is that all of the Fe(III) had already formed 
and therefore the nucleation and floc growth have already occurred, possibly giving an 
unrealistically high settling rate. 
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Figure 11 Total Fe Settling Data from Settling Column Tests, where Green is Corrwg (Synthetic), 
Blue is Vivian, Purple is Morlais, Grey is Lindsay and Red is Taff Merthyr (Sapsford and Pugh, 
2010) 
 
Table 2 Fe Removal Rates and Fe(III) Settling Rate Constants k 2 for Mine Water Column Tests 
(Sapsford and Pugh, 2010) 
Site Total Fe Removal Rates 
(mg/L/hr) 
Fe(III) Settling Rate 
Constant k2 (d-1) 
Taff Merthyr 0.07 0.71 
Lindsay 0.06 0.22 
Morlais 0.24 0.8 
Vivian 2.99 6.5 
Corrwg (Synthetic) 14.91 12.0 
 
Although pH does not affect the rate of settling in circumneutral mine water (Hove et al, 
2007), it does affect the rate of Fe(III) hydrolysis in low pH mine water, such as at Parys 
Mountain, with very slow hydrolysis rates seen at pH <3 (Younger et al, 2002). This 
hydrolysis is the key step in the formation of the Fe(III) flocs, which allows the Fe(III) to 
settle rather than stay in suspension as colloids. 
Removal of the remainder of the Fe in the mine water after it has passed through the 
settling lagoon a final filtration system of reed beds is used, which reduces the 
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concentration of Fe to the permitted discharge concentration or lower. This means the 
settling lagoon does not need to remove 100% of the Fe that is in the mine water, but 
rather are designed to remove a high proportion of the Fe so as to maintain the 
longevity of the wetlands. 
Work by Kusin (2011) followed along the lines of Sapsford and Pugh (2010) on Welsh 
mine waters and measured the change in concentration of Fe(III) and Fe(II) in a number 
of mine waters in Northern England and Scotland, with the derived rate constants for 
Fe(II) oxidation k’ and Fe(III) settling k2 being shown in Table 3. 
 
Table 3 Measured Fe(II) Oxidation and Fe(III) Settling Constants k' and k 2 for Sites in N. England 
and Scotland (Kusin, 2011) 
Site Measured k' (d-1) Measured k2 (d-1) 
Acomb (2008) 31.4 9.4 
Acomb (2009) 24.3 5.8 
Allerdean Mill 17.8 2.7 
Bates 32.9 8.1 
Cuthill 20.2 6.9 
Mousewater 16.0 5.0 
Strafford 18.9 5.2 
Whittle 34.0 8.8 
Average 24.4 6.5 
 
 
Prediction of Outlet Fe(III) Concentrations 
Sapsford (2013) calculates outlet Fe(III) concentrations by calculating both the decay of 
Fe(III) and the formation of Fe(III) from the decay of Fe(II) using Equation 18. This uses 
a settling rate constant measured using a column test, but it does not take into account 
the lagoon hydraulics. 
Prediction of outlet Fe(III) concentration in Equation 19 by Kusin (2011) uses the two 
tanks in series method, but still does not account for the individual lagoon chemistry or 
hydraulics. 
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𝐹𝑒(𝐼𝐼𝐼)𝑡 = (
𝑘 ′[𝐹𝑒(𝐼𝐼)]0(𝑒
−𝑘′𝑡𝑟 − 𝑒−𝑘2𝑡𝑟)
(𝑘2 − 𝑘
′)
) + ([𝐹𝑒(𝐼𝐼𝐼)]0𝑒
−𝑘2𝑡𝑟 ) 
Where: 
Fe(III)t Fe(III) concentration at time (mg/L) 
Fe(II)0  Initial Fe(II) concentration (mg/L) 
Fe(III)0 Initial Fe(III) concentration (mg/L) 
k'  Pseudo first order rate constant for Fe(II) oxidation (d -1) 
k2  Rate constant for Fe(III) settling (d-1) 
tr  Residence time (d) 
Equation 18 Natural Decay Prediction of Fe(III) Outlet Concentration with Time (Sapsford, 2013) 
 
𝐹𝑒(𝐼𝐼𝐼)𝑡 = (
[𝐹𝑒(𝐼𝐼)]1𝑘′ (
𝑡𝑟
2 )
(1 + [𝑘′ (
𝑡𝑟
2 )]) (1 + [𝑘2 (
𝑡𝑟
2 )])
) + (
[𝐹𝑒(𝐼𝐼𝐼)]1
1 + [𝑘2 (
𝑡𝑟
2 )]
) 
𝐹𝑒(𝐼𝐼𝐼)1 = (
[𝐹𝑒(𝐼𝐼)]0𝑘′(
𝑡𝑟
2 )
(1 + [𝑘′ (
𝑡𝑟
2 )]) (1 + [𝑘2 (
𝑡𝑟
2 )])
) + (
[𝐹𝑒(𝐼𝐼𝐼)]0
1 + [𝑘2 (
𝑡𝑟
2 )]
) 
Where: 
Fe(II)t  Fe(II) concentration at time (mg/L) 
Fe(II)0  Initial Fe(II) concentration (mg/L) 
Fe(II)1  Fe(II) concentration after the first theoretical tank (mg/L) 
Fe(III)t Fe(III) concentration at time (mg/L) 
Fe(III)0 Initial Fe(III) concentration (mg/L) 
Fe(III)1 Fe(III) concentration after the first theoretical tank (mg/L) 
k'  Pseudo first order rate constant for Fe(II) oxidation (d -1) 
k2  Rate constant for Fe(III) settling (d-1) 
tr  Residence time (d) 
Equation 19 Tanks in Series Prediction of Fe(III) Outlet Concentration with Time (Kusin, 2011) 
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2.2.3 Iron Removal Rate 
The Fe removal rate is the combination of the rate of Fe(II) oxidation and the rate of 
Fe(III) settling, which also incorporates hydrolysis and precipitation. It can be 
calculated by the addition of these two outlet concentrations, such as by Sapsford 
(2013) in Equation 20 and Kusin (2011) in Equation 21, or calculated using only the 
total Fe outlet concentration, such as by Hedin et al (1994) in Equation 22, Parker 
(2003) in Equation 23, PIRAMID (2003) in Equation 24, or Tarutis (1999) in Equation 
25. 
The equations by Parker (2003), Hedin et al (1994), Tarutis (1999) and PIRAMID 
(2003) are based upon measurements taken from naturally occurring mine water in 
settling lagoons and reed beds, however the rates of Fe remo val used are derived from 
the overall trend of a small number of lagoons in each instance and not based upon each 
individual mine water, therefore in each equation there are lagoons/flow conditions 
which fall well outside of the trend, as can be seen for the trend measured by Parker 
(2003) in Figure 15. 
 
[𝐹𝑒]𝑡 = [𝐹𝑒(𝐼𝐼)]𝑡 + [𝐹𝑒(𝐼𝐼𝐼)]𝑡 
[𝐹𝑒]𝑡 = ([𝐹𝑒(𝐼𝐼)]0𝑒
−𝑘′𝑡𝑟 ) +
𝑘 ′[𝐹𝑒(𝐼𝐼)]0(𝑒
−𝑘′𝑡𝑟 − 𝑒−𝑘2𝑡𝑟 )
(𝑘2 − 𝑘
′)
+ ([𝐹𝑒(𝐼𝐼𝐼)]0𝑒
−𝑘2𝑡𝑟 ) 
Where: 
Fe(II)t  Fe(II) concentration at time (mg/L) 
Fe(III)t Fe(III) concentration at time (mg/L) 
Fe(II)0  Initial Fe(II) concentration (mg/L) 
Fe(III)0 Initial Fe(III) concentration (mg/L) 
k'  Pseudo first order rate constant for Fe(II) oxidation (d-1) 
k2  Rate constant for Fe(III) settling (d-1) 
tr  Residence time (d) 
Equation 20 Prediction of Fe Outlet Concentration with Time (Sapsford, 2013) 
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[𝐹𝑒]𝑡 = [𝐹𝑒(𝐼𝐼)]𝑡 + [𝐹𝑒(𝐼𝐼𝐼)]𝑡 
[𝐹𝑒]𝑡 = (
[𝐹𝑒(𝐼𝐼)]1
1 + (𝑘′ (
𝑡𝑟
2 ))
) + (
[𝐹𝑒(𝐼𝐼)]1𝑘′ (
𝑡𝑟
2 )
(1 + [𝑘′ (
𝑡𝑟
2 )]) (1 + [𝑘2 (
𝑡𝑟
2 )])
) + (
[𝐹𝑒(𝐼𝐼𝐼)]1
1 + [𝑘2 (
𝑡𝑟
2 )]
) 
[𝐹𝑒(𝐼𝐼)]1 =
[𝐹𝑒(𝐼𝐼)]0
1 + (𝑘′ (
𝑡𝑟
2 ))
 
𝐹𝑒(𝐼𝐼𝐼)1 = (
[𝐹𝑒(𝐼𝐼)]0𝑘′(
𝑡𝑟
2 )
(1 + [𝑘′ (
𝑡𝑟
2 )]) (1 + [𝑘2 (
𝑡𝑟
2 )])
) + (
[𝐹𝑒(𝐼𝐼𝐼)]0
1 + [𝑘2 (
𝑡𝑟
2 )]
) 
Where: 
Fe(II)t  Fe(II) concentration at time (mg/L) 
Fe(III)t Fe(III) concentration at time (mg/L) 
Fe(II)0  Initial Fe(II) concentration (mg/L) 
Fe(III)0 Initial Fe(III) concentration (mg/L) 
k'  Pseudo first order rate constant for Fe(II) oxidation (d -1) 
k2  Rate constant for Fe(III) settling (d-1) 
tr  Residence time (d) 
Equation 21 Tanks in Series Prediction of Fe Outlet Concentration with Time (Kusin, 2011) 
 
 
𝐹𝑒𝑡 = 𝐹𝑒0 − (
𝐴𝑘
𝑄
) 
Where: 
Fet  Fe concentration at time (g/L) 
Fe0  Initial Fe concentration (g/L) 
k  Area based rate constant 10 for settling lagoons (g/m²/d) 
A  Area of lagoon (m²) 
Q  Flowrate (m³/d) 
Equation 22 Areal Removal Rate Prediction of Fe Outlet Concentration with Time (Hedin et al, 
1994) 
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𝐹𝑒𝑡 = 𝐹𝑒0 − (
𝐹𝑒0𝑡𝑟  𝑥 2.1
100
) 
Where: 
Fet  Fe concentration at time (mg/L) 
Fe0  Initial Fe concentration (mg/L) 
tr  Residence time (h) 
Equation 23 48 Hour Retention Time Prediction of Fe Removal with Time (Parker, 2003) 
 
𝐹𝑒𝑡 = 𝐹𝑒0 − [𝐹𝑒𝑜 (
𝐴
𝑄 𝑥 100
)] 
Where: 
Fet  Fe concentration at time (mg/L) 
Fe0  Initial Fe concentration (mg/L) 
A  Area of lagoon (m²) 
Q  Flowrate (m³/d) 
Equation 24 100 m2/L/s Prediction of Fe Removal with Time (PIRAMID, 2003) 
 
𝐹𝑒𝑡 =
𝐹𝑒0
𝑒
(
𝐴𝑘
𝑄
)
 
Where: 
Fet  Fe concentration at time (g/m³) 
Fe0  Initial Fe concentration (g/m³) 
k  Area based rate constant 0.18-0.29 (m/d) 
A  Area of lagoon (m²) 
Q  Flowrate (m³/d) 
Equation 25 Areal Removal Rate Prediction of Fe Outlet Concentration with Time (Tarutis, 1999) 
 
Studies on alkaline mine waters with varying Fe concentrations found that Fe removal 
rates of 10 – 30 g/m²/d were experienced at concentrations >20 mg/L, whilst removal 
rates of 5 – 10 g/m²/d were found for concentrations <20 mg/L (Younger et al, 2002). It 
was suggested that this may be due to the a slower rate of Fe(II) oxidation at lower 
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initial Fe(II) concentration, or possibly due to the decrease in initial Fe concentration 
causing a decrease in density of the Fe(III) particles, therefore resulting in a decrease in 
particle aggregation and settlement (Younger et al, 2002). A study on mine water 
treatment systems within the UK has also concluded that the Fe removal rates 
approximate a first-order reaction (Kruse et al, 2009). 
Fe removal rates in natural mine waters at varying depths was studied by Pizzaro et al 
(1995) within a settling column. It was found that the Fe concentrations and therefore 
the Fe removal rates remained consistent throughout the column. Research into the 
settling rates of Fe(III) by Sapsford (2013) also found no correlation between the 
settling rate/Fe removal rate and depth within the column. 
Temperature has also been found to directly impact upon the rate of Fe removal, with a 
lower temperature being associated with a reduced rate of Fe removal, which was 
demonstrated in a study by Sutton et al (2015) on Taff Merthyr mine water in Table 4. It 
is also known to impact upon the rate of Fe(II) oxidation and therefore this may be the 
factor that causes the reduction in Fe removal rate with a lowering of temperature.  
 
Table 4 Effects of Temperature of Fe Removal Rate (Sutton et al, 2015) 
Mean 
Temperature 
(°C) 
Initial 
Ferrous Iron 
Concentration 
(mg/L) 
Final Ferrous 
Iron 
Concentration 
(mg/L) 
Initial Total Iron 
Concentration 
(mg/L) 
Final Total Iron 
Concentration 
(mg/L) 
Iron 
Removal 
Rate 
(mg/L/h) 
1.6 2.3 0.1 5.1 2.2 0.0604 
17.6 2.5 0.3 4.8 1.4 0.0708 
4.3 3.2 0.13 5.1 2.1 0.0625 
12.9 3.3 0.13 5.2 1.2 0.0833 
 
 
  
Chapter Two – Literature Review 
38 
 
2.24 Treatment Efficiency 
Fe removal efficiency within the treatment system is important in assessing how well 
the settling lagoon is performing. Total system efficiency, Equation 26 (Brown et al, 
2002), measures only the inlet Fe concentration and compares it to the outlet Fe 
concentration, ignoring the size of the lagoon, flow and mine water chemistry, which are 
important factors in the treatment of ferruginous mine water.  
In settling lagoons the Fe(II) oxidation, Fe(III) settling and Fe removal rates are directly 
affected by the chemistry of the mine water and therefore must also be taken into 
account when measuring total system efficiency, otherwise the implementation of 
improvements that in theory should improve the performance of the lagoon may be 
conducted that in reality prove to be ineffective as they have targeted the wrong 
process.  
Hydraulic efficiency is an important aspect of total system efficiency and is: the total 
volume of the settling lagoon that mine water flows through compared to the total 
volume of the settling lagoon. The hydraulic efficiency should be measured when 
measuring the total system efficiency, along with the rates of Fe(II) oxidation and Fe(III) 
settling as understanding which aspect of lagoon efficiency is performing poorly will 
help in the effective implementation of efficiency improvements.  
For example the total system method, when used on its own for determining treatment 
efficiency shows that Taff Merthyr is performing poorly at only 14% efficiency, however 
its hydraulic efficiency is actually high at 71% and little could be done to increase this , 
whereas using the total system efficiency on its own would suggest that it can be greatly 
improved. If improvements in total system efficiency were to be conducted at Taff 
Merthyr the greatest gains would be achieved by increasing the rates of oxidation and 
settling, not improving the hydraulics of the system 
𝜂 =
𝐹𝑒𝑖𝑛 − 𝐹𝑒𝑜𝑢𝑡  𝑥 100
𝐹𝑒𝑖𝑛
 
Where: 
𝜂 Treatment efficiency (%) 
C The average daily (influent/effluent) Fe concentration (mg/L) 
Equation 26 Total System Efficiency (Brown et al, 2002) 
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2.25 Rate Limiting Steps 
The steps that can limit the treatment of ferruginous circumneutral mine water can be 
either the rate of Fe(II) oxidation or the rate of Fe(III) settling. They are an important 
factor in understanding how to improve treatment efficiency and as such should be 
analysed individually, alongside the overall treatment efficiency. 
Determination of the rate limiting step in mine water treatment is undertaken using a 
column study to measure the change in concentration of Fe(II) and Fe(III) with time, 
usually over a 48 hour period as this timeframe of 48 hours is one of the design criteria 
for settling lagoons (PIRAMID, 2003). The rate limiting step is then determined by 
looking at the Fe(II/III) concentration against time graphs, for example Figure 12. The 
graph on the left shows a mine water that is limited by the rate of Fe(II) oxidation as the 
concentration of Fe(III) remains constantly low as the rate of settling is the same as the  
rate of Fe(III) formation, whilst the Fe(II) concentration remains high. The graph on the 
right is Fe(III) settling rate limited as the concentration of Fe(II) rapidly drops to near 
zero, whilst the concentration of Fe(III) is still moderately high. This graph on the right 
in Figure 12 in similar to that of the study conducted by Kusin (2011) with the oxidation 
and settling profile shown in Figure 13 showing a rapid decrease in Fe(II) 
concentration, along with an increase in Fe(III), which slowly decreases with time 
showing that the mine water under study was also rate limited by settling.  
The rate limiting step in passive mine water treatment is predominantly influenced by 
the concentration of DO, initial Fe concentration and pH. Biotic processes can oxidise 
the Fe(II) at pH <3, however the hydrolysis kinetics and Fe(III) solubility limit the 
formation of solid ochre. Between pH 3 and 6 the rate limiting step is Fe oxidation and 
pH 6 and above the rate limiting step is settling of the ochre, but only if the initial Fe 
concentration is below 10 mg/L, otherwise Fe oxidation still remains as the rate limiting 
step (Younger et al, 2002). This and the settling profiles can aid in predicting the outlet 
concentrations of Fe(II) and Fe(III), with some examples of inlet and outlet Fe 
concentrations measured by Kusin (2011) on sites across Northern England and 
Scotland shown in Figure 14. These show that the majority of sites have higher Fe(III) 
outlet concentrations than Fe(II), indicating that settling is the rate limiting factor, 
although some of the sites still have some Fe(II) at the outlet, meaning that these are 
likely to be oxidation rate limited. 
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Figure 12 Example Fe Concentration against Time Graphs for Rate Limiting Factor Determination. 
Orange is Fe(III), Green is Dissolved Fe, Red is Fe(II) and Blue is Total Fe 
 
Figure 13 Fe(II) Oxidation and Fe(III) Settling Profile of Whittle Mine Water in a Column Test 
(Kusin, 2011) 
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Figure 14 Inlet (a) and Outlet (c) Fe Concentrations at Various UK Mine Water Settling Lagoons  
(Kusin, 2011) 
 
Chapter Two – Literature Review 
42 
 
2.3 Design Sizing Criteria 
The aim of this section is to provide the background information needed to compare 
existing formula that are used to predict the outlet Fe concentration from settling 
lagoons treating Fe contaminated mine water. 
In the UK the Coal Authority are the governmental body responsible for implementation 
of pollution remediation systems for the treatment of coal mine drainage. The treatment 
systems are designed and constructed in collaboration between the Coal Authority and 
external companies, who utilise a set of guidelines for designing the systems. These 
guidelines have been produced from research on, and practical experience with mine 
water treatment systems and are known as the PIRAMID guidelines (passive in-situ 
remediation of acidic mine/industrial drainage). 
A number of different calculations are used by the Coal Authority in the sizing of 
circumneutral mine water drainage settling lagoons, which are listed in Table 1. These 
show wide variation in the area required for a settling lagoon, demonstrating that 
design of settling lagoons from first principles is complex (PIRAMID, 2003). The 
example areas are for treating a mine water of 50 L/s flowrate, 1.5 m lagoon depth, total 
Fein 20 mg/L, total Feout 4 mg/L and 80% Fe removal. 
 
Table 5 Design Sizing Criteria for Settling Lagoons in the PIRAMID Guidelines (PIRAMID, 2003) 
Design Criteria Author Theoretical Required 
Lagoon Area (m²) 
100 m²/L/s PIRAMID (2003) 4,000 
48 hour retention time Parker (2003) 4,608 
10 g/m²/d Hedin et al (1994) 6,910 
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The design criteria recommended by the PIRMAID guidelines are 48 hour retention 
time, as research by Parker (2003), has shown a relatively robust linear relationship 
between the percentage reduction in the influent Fe concentration and nominal 
hydraulic retention time (PIRAMID, 2003), as can be seen in Figure 15. This trend and 
subsequent formula in Equation 23 is valid on mine waters with flow rates of 16 – 97 
L/s and Fe concentrations of 4.7 – 44.2 mg/L (Parker, 2003),  and shows that the 
relationship is independent of flow rate and initial Fe concentration. This relationship is 
based upon the data from only three different sites, with the 22 out of 28 samples 
coming from the Whittle treatment system, whilst only five samples were from Wooley 
and one from Kames. This does not take into account the great variation of background 
chemistry that occurs in different mine waters and would be more robust if a larger 
number of sites were included within the study. It can be seen that many points lie off 
the trendline in Figure 15, which would lead to undersizing of the treatment system or 
an excessive financial burden in construction of an oversized treatment lagoon . 
 
Figure 15 Fe Removal vs Retention Time for Whittle, Wooley and Kames (Parker, 2003) 
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A study by Kruse et al (2009) on two wetland systems in the UK concluded that the 
100m² area per L/s of mine water to be treated was the most applicable for design of 
wetlands, including settling lagoons. It was noted that shallow lagoon depth had the 
potential to cause short circuiting, thus distorting the removal efficiency by reducing the 
hydraulic efficiency, therefore it was suggested that deeper lagoons should be used to 
ensure near as possible plug flow. 
The GARD guide recommends using the rate described by Hedin et al (1994) of 10 – 20 
g/m²/d as the removal rate to be used when designing settling lagoons for 
circumneutral mine water, derived from the settling lagoons shown in Table 6. The 
guide recognises that removal rates for systems can fall outside of these settling rates 
(INAP, 2014), as shown by research conducted on settling lagoons in the UK by Kusin 
(2011) in Figure 16. The average area-adjusted rate for this set of data is 12.4 g/m²/d, 
which is within the range recommended by the GARD guide, however the range is 1.4 – 
39.4 g/m²/d, which falls well outside the recommended design rates of 10 – 20 g/m²/d. 
This wide range would lead to greatly over or under sized treatment schemes, 
potentially overspending by a factor of two, or failing to stop the pollution altogether.  
 
Table 6 Site Data Used for Calculation of the Area-Adjusted Removal Rate (Hedin et al, 1994) 
Site 
pH Retention time (days) Inlet Total Fe (mg/L) 
Donegal 7.1 1.7 34 
Cedar 6.3 0.9 92 
Keystone 6.3 0.3 37 
Blair 6.2 3.4 52 
Shade 6 6.4 2 
Pinney 5.8 1.9 32 
Morrison 6.3 33.9 151 
REM L 6.1 4.9 190 
Howe L 5.6 8 265 
Howe U 6.2 8 265 
REM R 5.5 4.9 473 
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Figure 16 Area-Adjusted Removal Rate for Mine Water Lagoons in the UK (Kusin, 2011) 
 
Work conducted by Kusin (2011) and Kusin et al (2012) has shown that a delayed tanks 
in series (TIS) model using two TIS effectively simulates the retention times of the 
majority of lagoons sampled, whilst taking into account the first order  nature of Fe 
removal. This method of pollution concentration calculation takes into account the poor 
hydraulics experienced in a settling lagoon. The TIS model uses the hydraulics of a 
continuously stirred tank reactor to calculate the change in pollution concentration 
across the tank. If more than one tank is used in the calculation an imaginary line 
divides the lagoon into the number of tanks calculated, with the inlet pollutant 
concentration of the second tank being the pollutant concentration from the outlet of 
the first tank. The outlet pollutant concentration is calculated using Equation 27 (Kusin, 
2011). KTIS is calculated from monitoring of treatment systems and is suggested to be 
0.18 m/d by Tarutis et al (1999). This overall value does not take into account the 
differing chemistry for each individual mine water and therefore will vary from site to 
site. The TIS model has not been widely adopted due to the complexities required in 
calculation of the variables (Jamieson et al, 2007). 
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𝐶𝑂 =
𝐶𝐼
[1 +
𝐾𝑇𝐼𝑆𝐴
𝑄𝑛 ]
𝑛 
Where: 
A Area of lagoon (m²) 
CO The outlet Fe concentration (g/m3) 
CI The influent Fe concentration (g/m3) 
KTIS TIS first order removal constant (m/d) 
Q Flowrate (m³/d) 
n Number of tanks in series 
Equation 27 Contaminant Removal Calculation (Kusin, 2011) 
 
As the rates of oxidation are not only impacted by pH, temperature, initial Fe 
concentrations and DO, but also microbial activity then Kirby et al (2009) encompassed 
this aspect into the modelling of rates of Fe(II) oxidation in circumneutral mine 
drainage. The modelling used a graphical interface called StellaTM to predict the 
concentration of Fe(II) at the outlet of a 400 L pilot scale lagoon, which utilises Equation 
8 in its calculations. The input parameters are initial pH, DO, CO2, alkalinity and Fe 
concentrations and through previous experiments the constants for the changes in 
these parameters against time have been measured. Predicted Fe(II) measurements 
appeared to closely match the measured output concentrations of the pilot scale lagoon, 
however the modelling did not incorporate hydraulics of the lagoon and assumed plug 
flow conditions, which would not be the base in an actual settling lagoon. Fe(III) was not 
calculated using this package. 
Another study that utilised PHREEQC, an alternative chemical modelling package, was 
conducted by Cravotta (2015) on the changes in Fe(II) concentration in a stream 
polluted by coal mine drainage. This chemical reaction prediction package also utilised 
Equation 8 for determination of Fe(II) to produce the chemical reaction formula in 
Equation 28 (Dietz and Dempsey, 2002). The heterogeneous oxidation rate was 
calculated and combined into the equation in PHREEQC, which along with the initial Fe 
concentration, pH, PO2, CO2, flowrate and alkalinity were used to calculate the outputs of 
all these values at a set distance downstream. Fe(III) settling was not calculated using 
this package. 
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𝑑𝐹𝑒(𝐼𝐼)
𝑑𝑡
= (𝑘1 + 𝑘2[𝐹𝑒(𝐼𝐼𝐼)][𝐻
+])[𝐹𝑒(𝐼𝐼)][𝑂2][𝐻
+]2 
Where: 
Fe Concentration of Fe (mg/L) 
t Time (secs) 
k1 Homogeneous oxidation rate (mg/L/s) 
k2 Heterogeneous oxidation rate (mg/L/s) 
O2 Concentration of oxygen in the solution 
H+ Molar concentration of H+ 
Equation 28 Homogeneous and Heterogeneous Oxidation of Fe(II) at pH >5 (Dietz and Dempsey, 
2002) 
 
In summary treatment of ferruginous mine water using passive settling lagoons relies 
on many naturally occurring processes, the rates of which can be complex to estimate 
due to the influence of many factors, including but not limited to; pH, temperature, 
microbial activity and dissolved oxygen concentration. This in turn means that the 
sizing of a settling lagoon can be complex and an empirical approach which utilises a 
narrow selection of data to generate a Fe removal rate is likely to be misleading in the 
design of settling lagoons. 
Studies across a wider range of mine waters from a multitude of sample locations that 
more closely align with the background chemistry of UK mine water should reduce the 
error associated with this and therefore an improved accuracy in the sizing of settling 
lagoons should be seen, therefore reducing the financial burden upon the UK as the 
lagoons will be correctly sized.  
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3.0 Sampling Locations 
Sampling of mine waters was undertaken at a variety of circumneutral and acidic sites , 
including metal and coal mine drainage across the world. A wide range of 
characteristics were sampled and large number of studies conducted to reduce the 
uncertainty that limited the datasets of the previous studies. In total 15 different mine 
waters were sampled, with pH in the range ~1.8 – 7.3 and Fe concentrations of 3 – 500 
mg/L. 
An initial study was conducted on the Coal Authority’s data on all of its mine water 
treatment systems in the UK to determine any which would be the most viable mine 
waters to sample from to generate the data needed to study the lagoon design sizing 
criteria in greater detail. This was narrowed down to mine waters that were mostly 
located in South Wales due to the proximity to the lab and their circumneutral pH. 
Samples were chosen from across South Wales for the following reasons: 
 Located near to the lab and therefore minimal time for the samples to oxidise in 
transit 
 Wide range of Fe(II)/Fe(III) concentrations 
 Mostly circumneutral sites 
 No chemicals added to aid treatment 
 A number of rectangular shaped lagoons with no chemical treatment that could 
be easily monitored 
Samples were chosen from two sites in England for the following reasons: 
 Different coalfields have a different geochemistry and therefore different 
background characteristics of the mine water 
 Circumneutral mine waters 
 Treatment efficiency of lagoons was low and these studies aided in determining 
the reason why 
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Samples were chosen from New Zealand for the following reasons: 
 Exploration of global trends 
 Gives a stronger weight to any journal articles if the data has been collected from 
across the world 
 Selection of acidic mine sites to compare to Parys Mountain and the 
circumneutral mine waters 
 Site with 0 mg/L Fe(II) so no effect of Fe(II) oxidation upon Fe(III) settling rate. 
This formed a key aspect of the Fe(III) settling behaviour explored later in this 
thesis. 
Parys Mountain was chosen as this was a metal mine and therefore had largely different 
background characteristics to circumneutral coal mine waters. 
 
3.1 United Kingdom 
The UK has a number of coalfields that are located across the country as shown in 
Figure 17. Within this thesis the South Wales coalfield is studied, along with South 
Yorkshire and Lancashire. Also shown is Parys Mountain, an 18 th century copper mine, 
which is now abandoned. Each sampling location is described in more detail later in this 
chapter.  
The South Wales coalfield is a single coalfield stretching from Torfaen in the East to 
Pembrokeshire in the West, with only one break where it meets the sea between 
Pembrey and Saundersfoot. The map in Figure 18 (Coal Authority, 2014a) shows the 
location of the mine water treatment systems across this coalfield as of July 2014. From 
left to right the mines are; Morlais, Lindsay, Tan-Y-Garn, Gwenffrwd, Ynysarwed, 
Glyncastle, Glyncorrwg, Corrwg Rhondda, Taff Merthyr, Vivian and Blaenavon. 
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Figure 17 Coalfields of the United Kingdom (NMRS, 2016) 
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Figure 18 Map of Mine Water Treatment Systems in South Wales, UK (Google Maps, 2014) 
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3.2 South Wales, UK 
3.2.1 Glyncastle 
Glyncastle mine water is pumped from another valley as its current location was the 
nearest point suitable for construction of a treatment system. The mine water enters the 
site via two pipes that deposit the water into the initial chamber, shown in Figure 20. A 
five step weir precedes the first settling lagoon. Glyncastle has two settling lagoons that 
are triangular in shape, with the mine water entering the corner  of the first triangular 
lagoon, shown in the top left hand corner of Figure 19. It then passes into a set of three 
reed beds, each of which is half the size of the last, before it passes into the river. To 
minimise the concentration of dissolved oxygen present in the mine water samples 
were extracted at the outlet of the pipe where the mine water first emerged. The grid 
reference for the sampling point is SN834028. 
 
Figure 19 Aerial View of Glyncastle Mine Water Treatment System (Google Maps, 2014) 
N 
500m 
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Figure 20 Mine Water Sampling Point at Glyncastle 
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3.2.2 Glyncorrwg 
Glyncorrwg is a passive mine water treatment system, which has three mine water 
inputs. Two of these enter the site via the aeration cascade shown on the left of Figure 
23, whilst the other, shown on the right, is transported through a pipe, across the river 
and into the treatment system at lagoon number four, marked by a patch of gr ey in the 
middle of Figure 21. Glyncorrwg treatment system is long and thin due to lack of land to 
build upon. It has a channel cut into the hillside to take the mine water from the first 
part of the treatment system to the second part, shown at the bottom of Figure 21.  The 
settling lagoons at Glyncorrwg are overgrown with reeds, so many that there is little 
difference between the settling lagoons and the reed beds. The mine water was taken 
from the input at the start of the system, which is the aeration cascade shown on the left 
in Figure 23. The grid reference for the sampling point is SN887005. 
 
 
Figure 21 Aerial View of Glyncorrwg Mine Water Treatment System (Google Maps, 2014) 
 
 
Figure 22 Second Part of the Glyncorrwg Mine Water Treatment System (Google Maps, 2014) 
N 
200m N 
50m 
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Figure 23 Mine Water Sampling Point at Glyncorrwg (Left). Secondary Input into Treatment 
System Mid Way Down (Right) 
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3.2.3 Gwenffrwd 
Gwenffrwd is a passive mine water treatment system with two settling lagoons, two 
successive alkalinity producing systems (SAPS) and three reed beds, shown in Figure 
24. Three different discharges enter these treatment systems, known as Whitwor th A, 
Whitworth B and Gwenffrwd. Mine water enters the first settling lagoon via a small 
stream by the uppermost access road and then a pipe. The origin of the stream could 
not be located due to dense undergrowth restricting access, therefore it was chosen to 
sample around 20 m downstream of where it is believed the stream surfaces, shown in 
Figure 25. At this point the stream is around 0.1m deep, meaning the mine water must 
be transferred by bucket into the containers. At the point where the stream surfaces 
there is a high level of turbulence and oxygen entrainment, however there is little ochre 
deposition on the streambed until the flow of the stream slows at around 30m 
downstream of the sampling point where it reaches the pipe. The grid reference for the 
sampling point is SS800970. 
 
Figure 24 Aerial View of Gwenffrwd Mine Water Treatment System (Google Maps, 2014) 
100m 
N 
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Figure 25 Mine Water Sampling Point at Gwenffrwd 
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3.2.4 Lindsay 
Lindsay is a passive mine water treatment system that was constructed in 2003. It is 
comprised of two settling lagoons run in parallel, followed by a series of reed beds, as 
shown in Figure 26 and is 40 m wide, 60 m long and 1.2 m deep. The mine water is 
pumped from the mine into an open chamber, where it passes over an aeration cascade 
into the two settling lagoons. Samples were taken at the open chamber, prior to the 
aeration cascade, as seen in Figure 27. This is the same location where mine water 
samples were taken during the lagoon analysis, along with the outlet trench where the 
flow logger was located. 
The data loggers for monitoring the lagoons behaviour were located in the far left hand 
corner for the inlet and far right hand corner for the outlet. The flow logger was located 
in the outlet trench between the settling lagoon and the reed beds. The grid reference 
for the sampling point is SN591108. 
 
Figure 26 Aerial View of Lindsay Mine Water Treatment System (Google Maps, 2014) 
N 
100m 
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Figure 27 Mine Water Sampling Point at Lindsay 
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3.2.5 Morlais 
Morlais is a passive mine water treatment system that was constructed in 2003. It has 
two settling lagoons that during the testing are run in series, but can also be run in 
parallel, or a combination of the two, with the lagoons having an average with of 42 m, 
length of 265 m and depth of 1.5 m. The mine water is passed from the settling lagoons 
into two parallel reed beds and then into a final reed bed, see Figure 28. Mine water is 
pumped from the mine and samples were extracted in the first aeration weir, shown in 
Figure 29. The water then flows down a channel and over a further aeration cascade 
into the settling lagoons. This is where the lagoon monitoring samples were extracted, 
along with the channel at the outlet of the second lagoon but prior to the reed beds. 
The data loggers for monitoring the lagoons behaviour were located centrally along the 
entrance of the lagoon in top right hand corner and centrally along the outlet in the 
bottom left hand corner. The flow logger was placed in the outlet channel. The grid 
reference for the sampling point is SN571022. 
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Figure 28 Aerial View of Morlais Mine Water Treatment System (Google Maps, 2014) 
 
Figure 29 Mine Water Sampling Point at Morlais 
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3.2.6 Taff Merthyr 
Taff Merthyr mine water treatment system is comprised of three systems that are run 
independently of one another, although the water is pumped from the same two shafts 
and mixed prior to treatment. Each system comprises of a settling lagoon, followed by 
reed beds. The settling lagoon that was being monitored is the lower right hand lagoon 
in Figure 30. This is comprised of two lagoons in parallel, one of which is not currently 
in use, with the individual settling lagoon being 12 m wide, 100 m long and 1.1 m deep. 
Once the mine water has passed through the settling lagoon it enters a series of reed 
beds, before it is passed into the river. Sampling of the mine water occurred in the open 
chamber, prior to the aeration cascade that is shown in Figure 31. From here it is passed 
over a further aeration cascade and into the settling lagoon. Little has changed in the 
chemistry of the mine water between 2001 and sampling in 2013, where previously the 
pH was 7.3, now 7.1 and the initial Fe concentration was 7.7 mg/L and is now around 
6.0 mg/L. It has an approximate flow rate of 60 L/s for the entire site. 
The data loggers were located at the beginning of the settling lagoon immediately after 
the aeration cascade and one metre before the outlet. As there was no flow available 
that was fully developed the flow rates were calculated using pump logs. The grid 
reference for the sampling point is ST103990. 
 
Figure 30 Aerial View of Taff Merthyr Mine Water Treatment System (Google Maps, 2014) 
200m 
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Figure 31 Mine Water Sampling Point at Taff Merthyr 
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3.2.7 Tan-Y-Garn 
Tan-Y-Garn mine water is net-acidic, which is different to the majority of the mine 
waters in South Wales, which are net alkaline. Due to this and the system being entirely 
passive the design of the treatment system is different. The mine water passes by 
gravity into the first stage, which is a reducing alkalinity producing system (RAPS), 
acting to raise the pH, therefore increasing the rate of Fe(II) oxidation. It then passes 
through three settling lagoons and into a reed bed before it is discharged into the river, 
shown in Figure 32. The mine water was extracted as it first arrives into the RAPS by 
means of an underwater pipe, located in the bottom right of Figure 33. The treatment 
system was built in 2006, has a RAPS area of 343 m², settling lagoon area of 620 m² and 
reed beds area of 227 m² with a flow rate of 3 L/s (Coal Authority, 2014b). 
At the time of sampling in February 2014 an interesting phenomenon was occurring. A 
floating formation of ochre, with support from ochre columns and grass growing on top 
could be seen in the RAPS, which can be seen in Figure 33. Along with the floating ochre 
structure was the fauna of newts and frogspawn that were present in the downstream 
settling lagoons. The grid reference for the sampling point is SN631097. 
 
 
Figure 32 Aerial View of Tan-Y-Garn Mine Water Treatment System (Google Maps, 2014) 
N 
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Figure 33 Mine Water Sampling Point at Tan-Y-Garn 
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3.2.8 Vivian 
Vivian, also known as Six Bells due to its proximity to the town of Six Bells, is comprised 
of two settling lagoons that are operated in parallel, followed by two reed beds that are 
operated in series, seen in Figure 34. The mine water is pumped from the mine and 
dosed with hydrogen peroxide prior to passing into the settling lagoons, meaning no 
aeration cascades are required. Samples were extracted prior to being dosed with 
hydrogen peroxide via a tap attached to the mine extraction pipe, shown in Figure 35. 
The grid reference for the sampling point is SO219036. 
 
Figure 34 Aerial View of Vivian Mine Water Treatment System (Google Maps, 2014) 
100m 
N 
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Figure 35 Mine Water Sampling Point at Vivian 
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3.2.9 Ynysarwed 
Ynysarwed is an active treatment system that doses sodium hydroxide and a polymer 
flocculent, then uses clarifiers to remove the Fe from solution. A centrifuge and 
hydraulic press are used to dewater the sludge prior to disposal.  The treated water, 
with a Fe concentration of <1 mg/L, is then passed into reed beds for final polishing 
before it is discharged into the river. Mine water flows from a mine adit, shown in 
Figure 37, into a pipe that passes underneath the Site 2d to the treatment facility, shown 
on the left in Figure 36. The mine water was sampled at the exit to the adit. Initially built 
in 1999, it was hoped that the Fe concentration in the mine water would decrease 
enough to use a passive system instead of the active system, but as of 2016 the 
concentration of Fe in the mine water still remains high enough that this is not possible.  
The grid reference for the sampling point is SN808017. 
 
 
Figure 36 Aerial View of Ynysarwed Mine Water Treatment System (Google Maps, 2014) 
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Figure 37 Mine Water Sampling Point at Ynysarwed 
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3.3 Northern England, UK 
The map in Figure 38 shows the location of two mine water treatment sites in the North 
of England. Clough Foot is located on the Lancashire coalfield and Sheephouse Wood is 
on the South Yorkshire coalfield. 
 
 
Figure 38 Map of Mine Water Treatment Schemes Sampled in the North of England, Showing 
Clough Foot (Blue) and Sheephouse Wood (Red) (Google Maps, 2014) 
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3.3.1 Clough Foot 
Clough Foot mine water treatment scheme has two settling ponds that are run in 
parallel. These are preceded by a large stepped aeration cascade and a sodium 
hydroxide dosing plant, which is not currently in use. Following on from the settling 
lagoons are reed beds. Mine water seeps out from the ground and over a small aeration 
cascade, seen in Figure 39, where it is captured and pumped to a large stepped cascade. 
The mine water was sampled from the centre of the green pool in Figure 39, where the 
mine water first emerges. The grid reference for the sampling point is SD905237. 
 
 
Figure 39 Clough Foot Mine Water Sampling Location 
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3.3.2 Sheephouse Wood 
At Sheephouse Wood a series of aeration cascades at 10m intervals is built into the 
hillside prior to the first settling lagoon. The mine water is pumped into the chamber 
shown in Figure 40, where it was sampled and then weirs over onto the aeration 
cascades. Reed beds are used for final polishing after the settling lagoons. High 
concentrations of carbon dioxide are present within the mine water, which can be seen 
fizzing when it enters the chamber. The grid reference for the sampling point is 
SE231003. 
 
Figure 40 Sheephouse Wood Mine Water Sampling Location 
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Figure 41 Sheephouse Wood Mine Water Treatment System (Google Maps, 2014)  
50m 
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3.4 South Island, New Zealand 
Mining in New Zealand is divided into four areas; Waikato Region, West Coast Coal 
Region, Otago Coal Region and Southland Coal Region, shown in Figure 42 
(Encyclopaedia of New Zealand, 2013). The West Coast Coal Region is studied in this 
thesis and is shown in more detail in Figure 43 (Encyclopaedia of New Zealand, 2013). 
Three mines were studied and are anonymised for confidentiality. 
 
Figure 42 Map Showing the Mining Areas of New Zealand (Encyclopaedia of New Zealand, 2013) 
N 
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Figure 43 Map Showing the Mines of the West Coast Coal Region (Encyclopaedia of New Zealand, 
2013) 
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3.4.1 Site 1 
Site 1 has no treatment of the acidic mine drainage that it generates, instead it is 
discharged directly into the local river, causing a build-up of ochre along the 
watercourse. The pollution is not leached from underground workings, instead it drains 
from the pile of overburden seen on the left in Figure 44, with the water sampling point 
being at the base of the pond on the right of the picture. 
 
 
Figure 44 Mine Water Sampling Point at Site 1  
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3.4.2 Site 2 
Site 2, like many active and redundant mine sites across New Zealand, has no mine 
water treatment prior to discharge into the local watercourse. The river downstream of 
the break out is heavily contaminated with ochre, which can also be seen in Figure 45. 
The mine water originates from old mine workings in the hillside above the waterfalls 
and flows along naturally formed channels into a diversion channel around the site 
before its discharge into the river. Due to access issues the mine water was sampled just 
below the waterfalls. 
 
 
Figure 45 Mine Water Sampling Point at Site 2  
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3.4.3 Site 3 
Site 3 is the largest active mine in South Island, New Zealand. The acid mine drainage  is 
actively treated before it is discharged into the local watercourse due to its high 
concentrations of pollutants. On the day of sampling an extreme storm event was 
occurring, which caused higher than normal discharge and high sediment loading in the 
samples taken. Site 3 is similar to Site 1 in that the acid mine drainage is generated by 
the spoil heaps, which runs into the channel, shown in Figure 46. The samples were 
extracted from the channel prior to the weir shown in Figure 46. 
 
 
Figure 46 Mine Water Sampling Point at Site 3 
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3.5 North Wales, UK 
3.5.1 Parys Mountain 
Parys Mountain is an abandoned copper mine that was mined from before the Roman 
occupation, up until the late 18th century. The mine water originates from the vast 
workings, shown in Figure 47 and currently drains from an adit in a hedgerow near the 
top of the image, flowing through the town of Amlwch and into the Irish Sea, shown on 
the left in Figure 48. Mine water was sampled from around 20m downstream of the exit 
to the adit, prior to the aeration cascade seen on the right in Figure 48. During 
extraction filamentous strands were disturbed from the base of the cascade, which are 
thought to be bacteria in the form of a biofilm. None of the disturbed matter was taken 
into the sampling containers. The grid reference for the sampling location is SH437912. 
  
Figure 47 Aerial View of Parys Mountain Copper Mine (Google Maps, 2014) 
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Figure 48 On the left is the Aerial View of the Discharge into the Irish Sea (Google Maps, 2014). On 
the right is the Sampling Location of the Mine Water 
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4.0 Methodologies 
The settling column test was designed to provide a non-turbulent column of water in 
which to monitor the Fe(II) oxidation or Fe(III) settling processes. Rates of oxidation, 
settling and overall Fe removal were measured, along with continuous measurement of 
temperature, pH and DO. The majority of lagoons have a residence time of 48 hours or 
less due to the design criteria of settling lagoons in PIRAMID (2003), therefore the 
length of the column tests was set at 48 hours, with low pH mine waters and sites in 
New Zealand having extended experiment times to allow for the slower rates of 
oxidation (Sapsford and Pugh, 2010). 
All equipment used within the experiments was thoroughly cleaned and rinsed with de-
ionised (DI) water before use and acid washed if required. 
 
4.1 Sampling 
Mine water was sampled prior to any aeration feature present at the inlet of the settling 
lagoons. Samples were taken as close as possible to the mouth of the inlet so as to avoid 
entraining any further oxygen into the mine water. 
Four 30L barrels were filled to capacity, as each column required 45 L of mine water, 
which allowed 30 L to be kept as spare in case of spillages. Whilst the barrels were 
being filled on site a bucket was also filled to measure the background chemistry from. 
The barrels were usually filled by placing them directly in the mine water exiting the 
pipe, however it was sometimes necessary to use a battery operated pump to transfer 
the mine water when accessibility was an issue. Each barrel was filled to capacity to 
reduce the amount of oxygen transfer occurring during transport. 
It usually took around two hours between sampling and starting the settling column 
experiment, however in some cases this was up to nine hours depending upon the 
distance between the sampling location and the laboratory. 
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4.2 Settling Column 
The settling column, seen in Figure 49, was 2.5 m in height, only 0.5 m lower than the 
PIRMAID (2003) recommended lagoon depth of 3 m. This reduction in height was due 
to accessibility and practicality issues. Its internal diameter was 150 mm, which was 
designed to give enough sample volume so that the sides of the column have minimal 
impact upon the experiment. 
After each experiment was completed the column was rinsed out, filled with a 2% HCl 
solution to dissolve any ochre or contaminants, left for 3 days and rinsed out again in 
preparation for the next experiment. Each sampling tap was cleaned using a bottle 
brush to remove any ochre build-up. 
To ensure that there was good mixing and no ochre had settled prior to pumping into 
the columns the barrels were shaken to re-suspend any solids. An aeration procedure 
was developed and used for the aerated columns, with the aeration achieved by 
cascading mine water between buckets: the barrels were lifted to 1 m high and poured 
at a rate of around 1 L/s into a bucket, which was then also lifted to 1 m high and 
poured into another bucket. At this point the mine water in the final bucket was 
pumped at around 2 L/s using a pump into the bottom of the column by means of a long 
pipe that was placed in the column from the top. For the non-aerated samples they were 
pumped straight from the 30 L barrels into the column after agitation. 
Once in the column samples were extracted from the three sampling ports at 0.6 m, 1.2 
m and 1.8 m, roughly every three hours during the day. An initial volume of 20 mL was 
extracted and used to inoculate the beaker before an 80 mL sample was extracted for 
analysis. 
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Figure 49 Column Schematic and Completed Article 
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4.3 Metals Measurement 
Fe(II), dissolved Fe, total Fe and at Site 3 aluminium (Al), were measured from the 
extracted samples. 
4.3.1 Total Iron 
Total Fe was measured by pre-contaminating a 20 mL syringe, then extracting 20 mL of 
mine water into a beaker, which contained 1 mL of 20% HCl in DI water. This was then 
refrigerated prior to analysis on a Perkin and Elmer Optima 2100DV ICP-OES, run 
against certified standards. As the Fe concentration has been slightly diluted the 
concentration was corrected using Equation 29. 
 
𝐹𝑒 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑥 1.05 
Equation 29 Fe Concentration Equation 
 
4.3.2 Dissolved Iron 
Dissolved Fe was measured by using the pre-contaminated syringe and extracting 20 
mL of mine water into the syringe then passing through a 0.2 µm surfactant free 
cellulose acetate syringe filter into a beaker with 1 mL of 20% HCl in DI water. This was 
then refrigerated prior to analysis on the ICP-OES. As the Fe concentration has been 
slightly diluted the concentration was corrected using Equation 29.  
 
4.3.3 Ferrous Iron 
Fe(II) was measured spectrophotometrically using 1,10-phenanthroline monohydrate 
as the chemical reagent. The reagent solution was made by adding 1 mL of 20% HCL, 1 
mL of ammonium acetate buffer solution and 2 mL of Fe reagent solution together. To 
this 5 mL of mine water was added. This measures Fe(II) concentrations up to 15 mg/L 
without the need for dilution. Above this concentration the mine water was diluted 
using DI water. The ammonium acetate buffer solution was made by dissolving 30 g of 
ammonium acetate into 100 mL of DI water. The Fe reagent solution was made by 
dissolving 1 g of 1,10-phenanthroline monohydrate into 100 mL of DI water with 2 mL 
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of concentrated HCl. Once the solution was mixed with the mine water it was left for five 
minutes to fully react and then pipetted into a semi-micro cuvette and analysed on a 
Hitachi U1900 spectrophotometer at a wavelength of 510nm using DI water as the 
calibration blank.  
A calibration curve for Fe(II) analysis was created by diluting a stock solution of Fe(II) 
to varying concentrations of 0.1 - 20.0 mg/L and measuring the absorbance using the 
UV spectrophotometer. Confirmation of the concentration of the stock solution was 
undertaken by analysing the 2 mg/L dilution concentration using Fe(II) reagent and 
Method 8008 on the Hach UV spectrophotometer, following the method below. The 
stock solution was created by slowly adding 20 mL of H2SO4 to 50 mL of DI water. To 
this 1.404 g of ferrous ammonium sulphate was added and allowed to dissolve. Once 
dissolved, it was diluted to 1 L to create a roughly 200 mg/L Fe(II) solution. 
Analyses carried out on New Zealand, Clough Foot and Sheephouse Wood mine water 
for total and dissolved Fe were undertaken spectrophotometrically as ICP-OES analysis 
was unavailable. Dissolved Fe is taken as that is filtered through a 0.45 µm filter for New 
Zealand mine waters as 0.2 µm was unavailable. Total Fe and dissolved Fe used 
FerroVer Fe reagent powder, which was mixed with 10 mL of mine water in a 
spectrophotometer cell and left for five minutes in order for the reaction to take place. 
They were then analysed using Method 8008 on a portable Hach UV spectrophotometer, 
which analyses at a wavelength of 510 nm. Fe(II) followed the same procedure, but used 
Fe(II) reagent and Method 8146. 
 
4.3.4 Aluminium 
Al analysis was conducted using the Hach portable UV spectrophotometer. Mine water 
samples were diluted using a 1:250 ratio using DI water. A 25 mL sample was extracted 
into a measuring cylinder where citric acid was added to ensure the Al was dissolved. 
From this two 10 mL samples were extracted into UV spectrophotometer cells where 
AluVer 3 powder was added, mixed and left for three minutes to react. One of the cells 
then had bleaching agent powder added and left for 15 minutes. This was used as the 
blank on the UV spectrophotometer following Method 8012. 
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4.4 Multi-Parameter Logging 
A HANNA 9828 multi-parameter logging probe was used to measure pH, DO and 
temperature throughout the experiment. Logging was set at minute intervals. The probe 
was suspended into the top of the tube at a height of roughly 1.8  m so as to remain 
submerged for the entire experiment. Calibration was undertaken for pH and DO first 
thing on the morning that the experiment commenced using pH 4 and 7 buffers and the 
quick calibration function for DO. 
A YSI 556 multi-parameter probe was used in New Zealand for pH, DO and temperature 
logging. As there was only one available it had to be switched between columns daily, 
whilst trying not to disturb any settlement that was occurring. This was also calibrated 
on the morning of the experiment using pH 4 and 7 buffers. It was discovered after all of 
the experiments had been completed that the data had become corrupt so no logged 
column data was available for any of the sites in New Zealand. 
Conversion of pH to H+ and OH- taking into account temperature was conducted using 
Equation 30 for calculation of k’ and Table 7. The partial pressure of oxygen in solution 
was calculated from the DO using Equation 31. 
[𝐻]+ = 10−𝑝𝐻  
[𝑂𝐻]− = 10−𝑝𝑂𝐻 
𝑝𝑂𝐻 = 14 − 𝑝𝐻  
[𝑂𝐻]− =
𝐾𝑊
[𝐻+]
=
𝐾𝑊
10−𝑝𝐻
 
Equation 30 Conversion of pH to H+ and OH- 
 
𝑃𝑂2 =
𝐷𝑂
𝐾𝐻
 
Where: 
PO2 Partial pressure of oxygen (atm) 
DO Concentration of DO (mol/L) 
KH Henrys constant for oxygen (1.3x10-3 mol/L/atm) 
Equation 31 Conversion of DO to PO2 
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Table 7 Water Dissociation Constant at Different Temperatures 
Temperature (°C) 0 10 20 25 30 
Coefficient (mol²dm-6) 1.14x10-15 2.93x10-15 6.81x10-15 1.01x10-14 1.47x10-14 
 
 
4.5 Background Chemistry 
4.5.1 Dissolved Oxygen, pH, Temperature 
Background chemistry of pH, DO and temperature were measured using the YSI or 
HANNA multi-parameter probes. A bucket of mine water was collected at each site, into 
which the probes were placed and gently stirred for two minutes to allow the readings 
to stabilise. 
The multi-parameter meters were rinsed clean and left in tap water for ten minutes at 
the end of three column tests to measure the difference between the two probes, shown 
in Table 8. The maximum difference between the aerated and non-aerated columns for 
temperature is 0.61°C, which is negligible. The maximum difference for DO is 1.39 mg/L 
and for pH it is 0.32. Where the difference for DO is high, the difference for pH is low 
and vice versa. 
 
Table 8 Multi-Parameter Probe Drift Analysis – Comparative Probe Values Between Aerated and 
Non-Aerated Columns After 48 Hours, Measured in Tap Water 
 Column Multi-
Parameter 
pH DO (mg/L) Temperature 
(°C) 
Lindsay Repeat Aerated 7.61 3.55 23.42 
Non-Aerated 7.58 4.94 23.46 
Glyncorrwg Aerated 6.62 5.31 25.22 
Non-Aerated 6.30 5.45 25.24 
Gwenffrwd Aerated 7.09 5.09 24.41 
Non-Aerated 6.82 5.28 23.80 
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4.5.2 Anions 
Sulphates, chlorides and fluorides were measured by extracting a 20 mL sample into a 
beaker, which was analysed using a Dionex ICS-2000 ion chromatography system with 
AS40 automated sampler and AS11 HC column calibrated using standards. This had a 
pump rate of 1 mL/min and pressure of 2000 psi. These facilities were not available in 
New Zealand, therefore samples were sent to Hill Laboratories for sulphate, chloride 
and fluoride analysis. 
 
4.5.3 Inorganic Elements 
Total inorganic elements were measured by extracting a 20 mL sample that was 
transferred into a beaker with 1 mL of 20% HCl. Dissolved inorganic elements were 
measured by filtering 20 mL of mine water through a 0.2 µm syringe filter into a 
separate beaker with 1 mL of 20 HCl. These were both analysed using the ICP-OES for 
28 elements. Equation 29 was then used to calculate final concentrations of the 
elements. These facilities were not available in New Zealand, therefore samples were 
sent to Hill Laboratories for a 28 element analysis. 
 
4.5.4 Alkalinity 
Alkalinity was determined using a Hach digital titrator using a 1.6 N sulphuric acid 
cartridge. Bromocresol methyl green/red indicator was mixed with 50 mL samples of 
mine water until the powder dissolved and then titrated until the sample remained 
vibrant pink for at least 30 seconds. The CaCO3 equivalent values are calculated using 
Equation 32 (AWWA, 2005). 
A digital titrator was not available in New Zealand, therefore the following method was 
used to determine alkalinity. Alkalinity was measured using a solution of 0.1 N HCl that 
was dispensed using a burette. A 50 mL sample of mine water was transferred into a 
beaker with the clean and rinsed YSI 556 probe. The probe was used to stir the solution, 
whilst the HCl solution was slowly transferred into the beaker until a pH of 3 was 
achieved.  
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4.5.5 Acidity 
Acidity was determined using a Hach digital titrator using a 1.6 N sodium hydroxide 
cartridge. Following method 2310 in AWWA (2005) 50 mL samples of the mine water 
were titrated until pH 8.3 was reached, which was determined using the multi-
parameter probes. At pH 8.3 and 25°C all of the carbonic acid has been 
stoichiometrically neutralised to bicarbonate. The samples were continuously stirred 
using the probe. The CaCO3 equivalent values are calculated using Equation 33 (AWWA, 
2005). 
A digital titrator was not available in New Zealand, therefore the following method was 
used to determine acidity. Acidity was measured using a solution of 0.1 N or 0.5 N NaOH 
that was dispensed using a burette. A 50 mL sample of mine water was transferred into 
a beaker with the clean and rinsed YSI 556 probe. The probe was used to stir the 
solution, whilst the HCl solution was slowly transferred into the beaker until a pH of 8.3 
was reached. 
 
𝐴 =
[𝑁𝑎𝑂𝐻] 𝑥 𝑁 𝑥 50000
𝑉
 
Where: 
A Acidity (mg CaCO3/L equivalent) 
NaOH NaOH titrant used (mL) 
N Normality of NaOH 
V Volume of sample (mL) 
Equation 32 CaCO3 Equivalent Calculation for Acidity 
𝐴 =
[H2SO4 ]𝑥 𝑁 𝑥 50000
𝑉
 
Where: 
A Alkalinity (mg CaCO3/L equivalent) 
H2SO4 H2SO4 titrant used (mL) 
N Normality of H2SO4 
V Volume of sample (mL) 
Equation 33 CaCO3 Equivalent Calculation for Alkalinity 
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4.5.6 Hot Peroxide Titration (Acidity) 
A 50 mL sample of mine water was poured into a cleaned and pre-contaminated beaker. 
This was titrated to pH 4 using a Hach digital titrator with a 1.6 N H2SO4 cartridge. To 
this solution 3 mL of 30% H2O2 was added and heated until boiling. After two minutes of 
boiling the heat was removed and the sample allowed to cool, before being titrated to 
pH 8.3 using a Hach digital titrator with 1.6 N NaOH cartridge. Net acidity, or alkalinity 
was determined by the difference between the two results using Equation 34(AWWA, 
2005). 
𝐴 =
[(𝑁𝑎𝑂𝐻 𝑥 𝑁𝑛) − (𝐻2𝑆𝑂4 𝑥 𝑁ℎ)] 𝑥 50000
𝑉
 
Where: 
A Acidity (mg CaCO3/L equivalent) 
NaOH NaOH titrant used (mL) 
Nn Normality of NaOH 
H2SO4 H2SO4 titrant used (mL) 
Nh Normality of H2SO4 
V Volume of sample (mL) 
Equation 34 CaCO3 Equivalent Calculation for Hot Peroxide Titration  
 
4.5.7 Salinity 
Salinity is the measure of the salt content of water, where absolute salinity uses units of 
part per thousand, or grams per kilogram. The dissolved ions that are most prevalent 
within seawater include; sodium, magnesium, calcium potassium and strontium. 
Freshwater is defined as having an ion concentration of <0.5 g/kg, brackish water of 
<30 g/kg, saline water of <50 g/kg and brine of >50 g/kg.   
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4.6 Lagoon Sampling 
4.6.1 Flowrate Measurement 
Flowrate measurement was conducted using a Mainstream Portable AV Doppler 
flowmeter. The sampling intervals were set at 2.5 seconds, with the Doppler flowmeter 
being placed downstream of the final outlet weir at the lagoons. It was calibrated on a 
flume of width 297 mm, height 400 mm and length 8 m at flow rates of 2.6, 3.8, 6.9, 7.9, 
10.2, 13.6 and 16.9 L/s with a minimum water height of 80 mm, controlled by a weir at 
the end of the flume. The depth of the water in the outlet channels of the lagoons was 
measured and made to be at least 80 mm in depth by placing an 80 mm high weir 
downstream of the flowmeter. The flowmeter was left logging at the outlet for a period 
of 30 minutes, whilst the sampling was going on, with that day’s flowrate being 
calculated as the average flowrate over this 30 minute period. All measurements were 
conducted within 30 minutes of the same time each day over the two week period. 
The flowrate at Taff Merthyr was unable to be measured using the flowmeter as no 
channel existed where there was a fully developed flow in which to place the Doppler 
probe. Instead the total number of hours the pumps were active was recorded over the 
two week duration, with the flowrate being calculated using Equation 35. Reading one 
was 25998 hours and reading two was 26174 hours, with the pumping rate of the pump 
being 63 L/s. The flowrate into the lagoon was calculated to be 31.5 L/s using this 
equation. 
 
𝑄𝐿 =
𝑄𝑃 𝑅2
𝑅1
 
Where: 
QL Flowrate into the lagoon (L/s) 
QP Rate of pumping (L/s) 
R1 Initial pump reading (hours) 
R2 Secondary pump reading (hours) 
Equation 35 Calculation of Flowrate from Pump Logs at Taff Merthyr 
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4.6.2 Data Logging 
Data logging of pH, DO and temperature was conducted using the HANNA 9828 multi-
parameter probes, which were calibrated prior to the first sampled lagoon and midway 
into the 14 days of sampling. One data logger was placed at the inlet o f the lagoon after 
the aeration cascades and the other was placed at the outlet of the lagoon prior to the 
weir. These were left to log for 30 minutes whilst the sampling was taking place, with 
the pH, DO and temperature measurements being the average over  this time period. 
 
4.6.3 Iron Measurement 
Fe(II) was measured onsite using ferrous iron sachets and a Hach Colorimeter following 
the same method as for Fe(II) measurement in New Zealand. Total Fe and dissolved Fe 
were measured using the ICP-OES, following the method listed previously. 
 
4.6.4 Other Parameters 
Acidity and alkalinity were measured at the inlet to the lagoon using the method 
previously detailed. 
Zeta potential was measured using a Zeta Sizer Nano-Z, with samples stored in a fridge 
for up to 30 hours before measurement, although the majority of samples were 
measured within 5 hours of extraction from the lagoon. Samples of mine water were 
collected from the inlet into a 20 mL beaker, which was agitated prior to extraction of a 
sample into a syringe. This sample was injected into a folded capillary cell and placed 
into the Zeta Sizer, which then used laser Doppler micro-electrophoresis to measure the 
zeta potential 100 times, with an average of this being given as the final result.  
Background elements were measured by ICP-MS following the method used for total Fe 
analysis on the ICP-OES.  
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4.7 Precision and Accuracy 
The precision of the sampling method and subsequent measurement of the Fe 
concentration was undertaken for each sampling method/analytical technique. It 
consisted of sampling the 1.2 m sampling port ten times in a row immediately after one 
another so there would be no change in the concentration of the mine water due to the 
physicochemical process occurring within the column. 
Total Fe was sampled from the Parys Mountain mine water and analysed using ICP-OES, 
with dissolved Fe also using the Parys Mountain mine water but was filtered through a 
0.2 μm filter prior to analysis on the ICP-OES. Fe(II) using the phenanthroline method 
used the Parys Mountain mine water but at a dilution of 1:100 in de-ionised water due 
to its high concentration and was analysed using the Hitachi spectrophotometer.  
Total Fe, dissolved Fe and Fe(II) with Fe concentrations measured using the Hach 
method used the Site 1 mine water with dilutions of 1:100 in distilled water due to their 
high concentrations. 
The calculated relative percentage standard deviation, derived from Table 9 is as 
follows; Fe(II) using phenanthroline 2.3%, Fe(II) using Hach reagent 17.8%, dissolved 
Fe using ICP-OES 0.8%, dissolved Fe using Hach reagent 7.3%, total Fe using ICP-OES 
0.5%, total Fe using Hach reagent 1.3% and Al 3.8%. 
As these values are low when they are placed as error bars on the graphs they are not 
visible and therefore are not included, except the dissolved Fe using Hach reagent and 
Fe(II) using Hach reagent. These values are high due to the low concentrations at which 
the testing was conducted, which means when high concentrations are shown the small 
concentration differences end up as large percentage differences. 
Accuracy of the ICP-OES was undertaken by an initial calibration against certified 
standards for all elements measured on the ICP-OES. If the concentrations measured fell 
outside of ±10% of the standard for the initial calibration then the machines pipes were 
cleaned/replaced and the calibration repeated. During measurement the standard was 
retested every twelfth sample and if it fell outside of ±10% of the standard then the 
previous batch was re-run after being recalibrated with the standard. 
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Table 9 Calculation of One Standard Deviation for Lab Tests 
Sample 
Number 
Absorbance Phenanthroline 
Fe(II) 
Concentration 
(mg/L) 
Hach Reagent 
Fe(II) 
Concentration 
(mg/L) 
ICP-OES 
Dissolved Fe 
Concentration 
(mg/L) 
Hach Reagent 
Dissolved Fe 
Concentration 
(mg/L) 
ICP-OES Total 
Fe 
Concentration 
(mg/L) 
Hach Reagent 
Total Fe 
Concentration 
(mg/L) 
Hach Reagent 
Al 
Concentration 
(mg/L) 
1 0.327 3.02 3.52 503.5 30.5 501.2 92.3 87.7 
2 0.326 3.01 2.64 498.2 28.3 502.5 94.9 95.5 
3 0.335 3.10 3.46 503.1 28.7 506.4 92.2 92.5 
4 0.351 3.24 2.33 502.2 27.0 506.9 91.6 93.6 
5 0.331 3.06 2.47 499.4 24.6 507.2 92.5 85.5 
6 0.326 3.01 2.47 511.9 29.1 505.4 90.6 95.6 
7 0.325 3.00 3.67 505.8 28.2 508.3 93.4 94.0 
8 0.336 3.10 2.83 509.4 25.7 505.4 94.2 88.0 
9 0.338 3.12 2.26 509.5 27.3 504.2 93.9 88.1 
10 0.332 3.07 2.37 506.4 23.8 499.7 91.9 94.0 
One Standard 
Deviation 
 0.07 0.50 4.2 2.0 2.6 1.2 3.5 
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5.0 Results 
The results from the column settling tests are visualised in graphic form for clarity of 
presentation, with concentration on the y-axis against time on the x-axis for each 
individual mine water. One graph shows all of the data points, whilst a further graph 
uses the average across the top, middle and bottom sampling ports for that specific time 
as a difference of only ±1.8% is seen between the Fe concentration at each sampling 
height. Aerated and non-aerated columns are shown upon separate graphs. Linear lines 
connect the data points to improve the clarity of the shape of the concentration 
decrease and are not intended to imply an interpolation between points i.e. they do not 
necessarily show the exact concentration change with time. 
A further set of graphs display the pH, DO and temperature data profiles logged within 
the columns using the HANNA 9828 probes, with another set of graphs showing the 
calculation of k, k’ and k2. 
Background chemistry of acidity, alkalinity, net alkalinity, anions, inorganic elements, 
pH, DO and temperature are detailed, however not all analyses were conducted on 
every site. Some inorganic elements are below the detection threshold (b.d.t) and are 
marked accordingly. 
The mine waters are divided into four sections and listed alphabetically, the first being 
those in South Wales, then the North of England, New Zealand and finally Parys 
Mountain in North Wales. 
The best fit of the column data to the formulae presented by Sapsford (2013) was 
shown by comparing column data for Fe(II) and Fe(III) concentrations with time for all 
of the mine waters to modelled Fe(II) and Fe(III) concentrations with time. 
Calculation of k’ was undertaken by converting the Fe(II) concentrations to natural log 
and plotting a linear trendline from these values. Concentrations of <0.5 mg/L Fe(II) 
were excluded from the data as at concentrations <0.5 mg/L the trendline no longer 
formed a linear trend and did not generate a representative Fe(II) decay curve when the 
modelled data was plotted using Equation 14. 
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The oxidation rate constant k was estimated using the previously derived k’ and 
Equation 36, with the partial pressure of oxygen, hydroxide concentration and 
temperature being the average over the duration that the Fe(II) concentration remained 
>0.5 mg/L. 
𝑘 =
𝑘′
𝑃𝑂2[𝑂𝐻
−]2
 
Where: 
k Fe(II) oxidation rate constant (M-2/atm/min) 
k’ Pseudo-first order Fe(II) oxidation rate constant (mol/min) 
PO2 Partial pressure of oxygen (atm) 
OH- Molar concentration of hydroxide (mol/L) 
Equation 36 Calculation of the Fe(II) oxidation rate constant k 
 
Calculation of k2 was undertaken by iterating manually with the graph until the best 
visual fit was obtained by plotting the Fe(III) concentration change with time and using 
Equation 18. The linear total Fe removal rate was calculated using Equation 37. 
𝑘3 =
𝐶0 − 𝐶𝑡
𝑡
 
Where: 
k3 Fe removal rate constant (mg/L/min) 
C0 Initial concentration of total Fe (mg/L) 
Ct Final concentration of total Fe (mg/L) 
t Time (hours) 
Equation 37 Calculation of linear total Fe removal rate 
 
The factors affecting the rates of Fe(II) oxidation, Fe(III) settling and overall Fe removal 
are examined, along with the applicability and repeatability of the column studies. 
Limitations and potential error from these results are also considered. 
Monitoring of Lindsay, Morlais and Taff Merthyr settling lagoons was conducted for a 
total of 14 consecutive days in late November 2015, with inlet and outlet Fe(II), Fe(III) 
and total Fe concentrations being measured along with the background chemistry, zeta 
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potential and flowrates. These results are then compared to modelled predicted outlet 
Fe concentrations later in the thesis. 
A summary of the major ions present in the mine waters is presented in Table 10, which 
along with the frequency distribution in Figure 50 shows that the majority of mine 
waters studied in this thesis have an initial Fe concentration of 0-20 mg/L, with a range 
of 3 – 522 mg/L. Concentrations of calcium range from 17 – 280 mg/L, cobalt 0.01 – 
0.94 mg/L, copper 0.01 – 38.34 mg/L (the highest value is at Parys Mountain, an 
abandoned copper mine, with most mine waters being B.D.T or 0.01 mg/L), magnesium 
16 – 240 mg/L and manganese  0.4 – 27.0 mg/L. 
 
 
Figure 50 Frequency Distribution of Initial Total Fe Concentrations 
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Table 10 Concentrations of Background Elements within the Mine Waters 
Location Calcium 
(mg/L) 
Cobalt 
(mg/L) 
Copper 
(mg/L) 
Magnesium 
(mg/L) 
Manganese 
(mg/L) 
Initial Total 
Fe (mg/L) 
Initial Fe(III) 
(mg/L) 
Clough Foot 75.14 0.02 0.01 20.59 1.85 
31.27 
4.07 
Glyncastle 133.00 0.01 B.D.T 83.86 1.77 21.99 1.41 
Glyncorrwg N.M N.M N.M N.M N.M 3.13 0.82 
Gwenffrwd 17.48 B.D.T B.D.T 12.83 0.72 7.46 -0.14 
Lindsay 163.64 B.D.T B.D.T 114.24 0.51 17.34 6.01 
Lindsay 
(Repeat) 
55.96 0.01 B.D.T 62.43 0.66 
15.12 10.09 
Morlais 60.22 B.D.T B.D.T 65.62 0.70 11.87 1.83 
Site 2 20.00 0.01 B.D.T 16.70 0.37 
5.87 
5.67 
Sheephouse 
Wood 
121.70 0.01 0.01 30.61 1.44 
17.20 
1.07 
Taff Merthyr N.M N.M N.M N.M N.M 
5.43 
2.38 
Tan Y Garn N.M N.M N.M N.M N.M 35.50 1.14 
Vivian N.M N.M N.M N.M N.M 
15.23 
1.61 
Ynysarwed 127.15 0.02 B.D.T 75.10 1.66 
70.14 
-1.51 
Site 1 280.00 0.94 0.02 240.00 27.00 133.21 105.85 
Parys 
Mountain 
63.63 0.30 38.34 100.36 16.59 
522.11 
104.49 
Site 3 210.00 0.40 0.25 56.00 6.70 
210.67 
185.14 
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5.1 South Wales Column Studies 
The aim of this and the sections up to and including Parys Mountain is to present the 
results from the column experiments, including calculation of the rates and rate 
constants of Fe(II) oxidation, Fe(III) settling and total Fe removal. 
Each mine water will be presented separately, with Lindsay mine water being sampled 
twice to determine how repeatable the measurements are. 
The results include a table of background chemistry for the mine water and the 
inorganic elements that are present. Graphs of the change in Fe concentration with time 
are shown, followed by averaged values over the three sampling ports. Graphs of the 
conditions measured by data logger within the columns are also shown along with a 
brief description of the behaviour of the mine water. Finally the measured 
concentrations are compared to modelled concentrations using formulae by Sapsford 
(2013). 
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5.1.1 Glyncastle 
Table 11 Background Chemistry of Sampled Mine Water at Glyncastle 
Analysis Value 
Acidity 166.4 mg/L CaCO3 equivalent 
Alkalinity 94.4 mg/L CaCO3 equivalent 
Net alkalinity N.M. 
Sulphates 660.2 mg/L 
Chlorides b.d.t 
Fluorides b.d.t 
pH 5.65 
Dissolved oxygen 1.45 mg/L 
Temperature 13.3°C 
 
 
Figure 51 Glyncastle Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in Orange, 
Total Fe in Blue and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is a Square 
and 1.8 m is a Diamond 
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Figure 52 Glyncastle Non- Aerated Settling Column Results. Showing; Fe(II) in red, Fe(III) in 
orange, Total Fe in blue and Dissolved Fe in green. Sample Heights; 0.6 m is a triangle, 1.2 m is a 
square and 1.8 m is a diamond 
 
Figure 53 Glyncastle Averaged Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in 
Orange, Total Fe in Blue and Dissolved Fe in Green 
Chapter Five - Results 
103 
 
 
Figure 54 Glyncastle Averaged Non- Aerated Settling Column Results. Showing; Fe(II) in Red, 
Fe(III) in Orange, Total Fe in Blue and Dissolved Fe in Green 
 
 
Figure 55 Glyncastle Multi-Logger Data. The Aerated Data is White, Non-Aerated Data is Black, 
Temperature (°C) is Squares, pH is Circles and DO (mg/L) is Triangles.  
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The Fe concentration decrease for both the aerated column in Figure 53 and the non-
aerated column in Figure 54 is linear, although the aerated column is slightly curved. 
The Fe(II) concentration decrease is non-linear, as expected for the aerated column due 
to an excess of DO available to oxidise the Fe(II), however for the non-aerated column a 
linear Fe(II) concentration decrease is seen, showing that there is not sufficient oxygen 
present to rapidly oxidise the Fe(II). DO demand is 2.9 mg/L for full oxidation to occur, 
initially the aerated column had around 5.0 mg/L, which is in excess of the 
stoichiometric requirement, whilst the non-aerated is initially at around 3.0 mg/L, only 
just sufficient for full oxidation, with average concentrations of DO within the columns 
only differing by 1.0 mg/L. These differences in DO concentrations appear to be enough 
to reduce the rate of Fe oxidation to impact upon the Fe removal rate. 
The rate limiting factor in the aerated column is Fe(II) oxidation as the rate of Fe(II) 
oxidation was not sufficient enough for the Fe(III) generated to be able to settle in the 
given 48 hour time period, even though the concentration of Fe(II) dropped below that 
of Fe(III) at 20 – 30 hours. Similarly the rate of Fe(II) oxidation within the non-aerated 
column was not sufficient enough to allow enough of the Fe(II) to oxidise so that its 
concentration dropped below that of Fe(III). 
  
Figure 56 Glyncastle Measured and Calculated Iron Oxidation and Settling Profiles, Aerated on the 
Left, Non-Aerated on the Right, where: Red is Calculated Fe(II), Cross is Measured Fe(II), Circle is 
Calculated Fe(III) and Positive is Measured Fe(III) 
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5.1.2 Glyncorrwg 
Table 12 Background Chemistry of Sampled Mine Water at Glyncorrwg 
Analysis Value 
Acidity 72.0 mg/L CaCO3 equivalent 
Alkalinity 78.4 mg/L CaCO3 equivalent 
Net alkalinity N.M. 
Sulphates 94.62 mg/L 
Chlorides 8.96 mg/L 
Fluorides 0.08 mg/L 
pH 5.72 
Dissolved oxygen 2.37 mg/L 
Temperature 15.05°C 
 
 
Figure 57 Glyncorrwg Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in Orange, 
Total Fe in Blue and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is a Square 
and 1.8 m is a Diamond 
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Figure 58 Glyncorrwg Non- Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in 
Orange, Total Fe in Blue and Dissolved Fe in green. Sample Heights; 0.6 m is a Triangle, 1.2 m is a 
Square and 1.8 m is a Diamond 
 
Figure 59 Glyncorrwg Averaged Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in 
Orange, Total Fe in Blue and Dissolved Fe in Green 
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Figure 60 Glyncorrwg Averaged Non- Aerated Settling Column Results. Showing; Fe(II) in Red, 
Fe(III) in Orange, Total Fe in Blue and Dissolved Fe in Green 
 
Figure 61 Glyncorrwg Multi-Logger Data. The Aerated Data is White, Non-Aerated Data is Black, 
Temperature (°C) is Squares, pH is Circles and DO (mg/L) is Triangles.  
 
Chapter Five - Results 
108 
 
In both of the columns the concentration of dissolved Fe dropped below detectable 
levels by 20 hours and is therefore not shown on the graphs after this time. 
The Fe concentration decrease for both the aerated and the non-aerated columns is 
linear, although the non-aerated column has a slightly higher removal rate than the 
aerated column. The Fe(II) oxidation rate shows a non-linear trend, for both the aerated 
and non-aerated columns, with the initial oxidation occurring more rapidly in the 
aerated column. Concentrations of DO within the columns were high enough to rapidly 
oxidise the Fe(II) in <20 hours. DO demand is 0.35 mg/L for full oxidation to occur, 
initially the aerated column had around 5.0 mg/L, which is in excess of the 
stoichiometric requirement, whilst the non-aerated is around 3.0 mg/L, also in excess. 
Due to the low concentration of Fe(II) within the mine water little DO is required and 
these DO concentrations are far above the stoichiometric concentration required. At 5 – 
10 hours the concentration of Fe(II) in the aerated column dropped below that of Fe(III) 
within the column, showing that after this point settling is the rate limiting step.  
  
Figure 62 Glyncorrwg Measured and Calculated Iron Oxidation and Settling Profiles, Aerated on 
the Left, Non-Aerated on the Right, where: Red is Calculated Fe(II), Cross is Measured Fe(II), Circle 
is Calculated Fe(III) and Positive is Measured Fe(III) 
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5.1.3 Gwenffrwd 
Table 13 Background Chemistry of Sampled Mine Water at Gwenffrwd 
Analysis Value 
Acidity 48.0 mg/L CaCO3 equivalent 
Alkalinity 20.8 mg/L CaCO3 equivalent 
Net alkalinity N.M. 
Sulphates 146.67 mg/L 
Chlorides 10.36 mg/L 
Fluorides 0.13 mg/L 
pH 5.09 
Dissolved oxygen 6.51 mg/L 
Temperature 13.03°C 
 
 
Figure 63 Gwenffrwd Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in Orange, 
Total Fe in Blue and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is a Square 
and 1.8 m is a Diamond 
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Figure 64 Gwenffrwd Non- Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in 
Orange, Total Fe in Blue and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is a 
Square and 1.8 m is a Diamond 
 
Figure 65 Gwenffrwd Averaged Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in 
Orange, Total Fe in Blue and Dissolved Fe in Green 
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Figure 66 Gwenffrwd Averaged Non- Aerated Settling Column Results. Showing; Fe(II) in Red, 
Fe(III) in Orange, Total Fe in Blue and Dissolved Fe in Green 
 
Figure 67 Gwenffrwd Multi-Logger Data. The Aerated Data is White, Non-Aerated Data is Black, 
Temperature (°C) is Squares, pH is Circles and DO (mg/L) is Triangles.  
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Fe(III) was not shown on the graphs prior to 20 hours due to the Fe(II) concentration 
being slightly higher than the total Fe concentration. This slight error may be due to 
possible sampling errors and the likelihood that all of the Fe present at the start of the 
trial is in Fe(II) form, therefore at the same concentration as the total Fe. The over 
measurement of Fe(II) associated with this error is <0.5 mg/L. 
The Fe concentration decrease for both the aerated and the non-aerated column is 
linear. The Fe(II) concentration decrease is also linear, for both the aerated and non-
aerated columns even though sufficient DO is available. DO demand is 1.1 mg/L for full 
oxidation to occur, initially the aerated and non-aerated columns had around 5.0 mg/L 
and the same average concentrations of 4.2 mg/L, which is in excess of the 
stoichiometric requirement. The slow and linear rate of oxidation is most likely due to 
the low pH of around 5 limiting the oxidation process. Due to the slow oxidation of 
Fe(II) the rate limiting step is Fe(II) oxidation throughout the 48 hour duration of the 
experiment. 
  
Figure 68 Gwenffrwd Measured and Calculated Iron Oxidation and Settling Profiles, Aerated on 
the Left, Non-Aerated on the Right, where: Red is Calculated Fe(II), Cross is Measured Fe(II), Circle 
is Calculated Fe(III) and Positive is Measured Fe(III) 
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5.1.4a Lindsay 
Table 14 Background Chemistry of Sampled Mine Water at Lindsay 
Analysis Value 
Acidity 296.0 mg/L CaCO3 equivalent 
Alkalinity 395.2 mg/L CaCO3 equivalent 
Net alkalinity N.M. 
Sulphates N.M. 
Chlorides N.M. 
Fluorides N.M. 
pH 6.32 
Dissolved oxygen 5.46 mg/L 
Temperature 14.84°C 
 
 
Figure 69 Lindsay Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in Orange, Total 
Fe in Blue and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is a Square and 1.8 
m is a Diamond 
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Figure 70 Lindsay Non- Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in Orange, 
Total Fe in Blue and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is a Square 
and 1.8 m is a Diamond 
 
Figure 71 Lindsay Averaged Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in 
Orange, Total Fe in Blue and Dissolved Fe in Green 
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Figure 72 Lindsay Averaged Non- Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) 
in Orange, Total Fe in Blue and Dissolved Fe in Green 
 
Figure 73 Lindsay Multi-Logger Data. The Aerated Data is White, Non-Aerated Data is Black, 
Temperature (°C) is Squares, pH is Circles and DO (mg/L) is Triangles.  
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The Fe concentration decrease for both the aerated and the non-aerated column shows 
a non-linear trend, with rapid oxidation of the Fe(II) occurring. The Fe(II) concentration 
decrease also shows a non-linear trend, for both the aerated and non-aerated columns, 
with the initial oxidation occurring more rapidly in the aerated column. Dissolved 
oxygen demand is 1.5 mg/L for full oxidation to occur, initially the aerated column had 
around 7.0 mg/L, which is in excess of the stoichiometric requirement, whilst the non-
aerated is initially at around 3.0 mg/L, which is still in excess, with average 
concentrations of DO within the columns differing by 2.5 mg/L. These differences in DO 
concentrations appear to be enough to greatly reduce the initial rate of Fe(II) oxidation 
and subsequently impact upon the Fe removal rate. Concentrations of DO within the 
columns were high enough to rapidly oxidise the Fe(II) in <20 hours. At 2 – 7 hours the 
concentration of Fe(II) in the aerated column dropped below that of Fe(III) within the 
column, showing that after this point settling is the rate limiting step.  
  
Figure 74 Lindsay Measured and Calculated Iron Oxidation and Settling Profiles, Aerated on the 
Left, Non-Aerated on the Right, where: Red is Calculated Fe(II), Cross is Measured Fe(II), Circle is 
Calculated Fe(III) and Positive is Measured Fe(III) 
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5.1.4b Lindsay Repeat 
Table 15 Background Chemistry of Sampled Mine Water at Lindsay 
Analysis Value 
Acidity 64.0 mg/L CaCO3 equivalent 
Alkalinity 376.0 mg/L CaCO3 equivalent 
Net alkalinity N.M. 
Sulphates 163.6 mg/L 
Chlorides 37.2 mg/L 
Fluorides 1.9 mg/L 
pH 6.69 
Dissolved oxygen 3.58 mg/L 
Temperature 14.92°C 
 
 
Figure 75 Lindsay Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in Orange, Total 
Fe in Blue and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is a Square and 1.8 
m is a Diamond 
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Figure 76 Lindsay Non- Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in Orange, 
Total Fe in Blue and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is a Square 
and 1.8 m is a Diamond 
 
Figure 77 Lindsay Averaged Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in 
Orange, Total Fe in Blue and Dissolved Fe in Green 
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Figure 78 Lindsay Averaged Non- Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) 
in Orange, Total Fe in Blue and Dissolved Fe in Green 
 
Figure 79 Lindsay Multi-Logger Data. The Aerated Data is White, Non-Aerated Data is Black, 
Temperature (°C) is Squares, pH is Circles and DO (mg/L) is Triangles. 
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The Fe concentration decrease for both the aerated and the non-aerated column shows 
a non-linear trend, with rapid oxidation of the Fe(II) occurring. The Fe(II) concentration 
decrease also shows a non-linear trend, for both the aerated and non-aerated columns, 
with the initial oxidation occurring more rapidly in the aerated column. Dissolved 
oxygen demand is 0.8 mg/L for full oxidation to occur, initially the aerated column had 
around 6.0 mg/L, which is in excess of the stoichiometric requirement, whilst the non-
aerated is initially at around 3.0 mg/L, which is still in excess, with average 
concentrations of DO within the columns differing by 0.8 mg/L. These differences in DO 
concentrations appear to be enough to greatly reduce the initial rate of Fe(II) oxidation 
and subsequently impact upon the Fe removal rate. Concentrations of DO within the 
columns were high enough to rapidly oxidise the Fe(II) in <20 hours. From the start of 
the experiment the Fe(III) concentration has been higher than the Fe(II) concentration, 
therefore the rate limiting factor is settling.  
 
Figure 80 Lindsay (Repeat) Measured and Calculated Iron Oxidation and Settling Profiles, Aerated 
on the Left, Non-Aerated on the Right, where: Red is Calculated Fe(II), Cross is Measured Fe(II), 
Circle is Calculated Fe(III) and Positive is Measured Fe(III) 
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5.1.5 Morlais 
Table 16 Background Chemistry of Sampled Mine Water at Morlais 
Analysis Value 
Acidity 176.0 mg/L CaCO3 equivalent 
Alkalinity 214.4 mg/L CaCO3 equivalent 
Net alkalinity N.M. 
Sulphates N.M. 
Chlorides N.M. 
Fluorides N.M. 
pH 5.57 
Dissolved oxygen 2.29 mg/L 
Temperature 13.38°C 
 
 
Figure 81 Morlais Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in Orange, Total 
Fe in Blue and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is a Square and 1.8 
m is a Diamond 
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Figure 82 Morlais Non- Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in Orange, 
Total Fe in Blue and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is a Square 
and 1.8 m is a Diamond 
 
Figure 83 Morlais Average Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in 
Orange, Total Fe in Blue and Dissolved Fe in Green 
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Figure 84 Morlais Averaged Non- Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) 
in Orange, Total Fe in Blue and Dissolved Fe in Green 
 
Figure 85 Morlais Multi-Logger Data. The Aerated Data is White, Non-Aerated Data is Black, 
Temperature (°C) is Squares, pH is Circles and DO (mg/L) is Triangles.  
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The Fe concentration decrease for both the aerated and the non-aerated columns is 
linear, with rapid oxidation occurring within the aerated column. The Fe(II) 
concentration decrease shows a non-linear trend, for both the aerated and non-aerated 
columns, with the initial oxidation occurring far more rapidly in the aerated column. DO 
demand is 1.5 mg/L for full oxidation to occur, initially the aerated column had around 
6.0 mg/L, which is in excess of the stoichiometric requirement, whilst the non-aerated is 
initially at around 2.0 mg/L, only just sufficient for full oxidation, with average 
concentrations of DO within the columns differing by 2.3 mg/L. These differences in DO 
concentrations appear to be enough to reduce the rate of Fe oxidation to impact upon 
the Fe removal rate. The rapid oxidation is likely to be due to the relatively high pH of 
around 6.2, with the difference between the two columns being due to the difference in 
DO concentration. At 3 – 13 hours the concentration of Fe(II) in the aerated column 
dropped below that of Fe(III) within the column, showing that after this point settling is 
the rate limiting step.  
 
Figure 86 Morlais Measured and Calculated Iron Oxidation and Settling Profiles, Aerated on the 
Left, Non-Aerated on the Right, where: Red is Calculated Fe(II), Cross is Measured Fe(II), Circle is 
Calculated Fe(III) and Positive is Measured Fe(III) 
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5.1.6 Taff Merthyr 
Table 17 Background Chemistry of Sampled Mine Water at Taff Merthyr 
Analysis Value 
Acidity 33.6 mg/L CaCO3 equivalent 
Alkalinity 260.8 mg/L CaCO3 equivalent 
Net alkalinity N.M. 
Sulphates N.M. 
Chlorides N.M. 
Fluorides N.M. 
pH 6.47 
Dissolved oxygen 3.35 mg/L 
Temperature 10.09°C 
 
Figure 87 Taff Merthyr Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in Orange 
and Total Fe in Blue. Sample Heights; 0.6 m is a Triangle, 1.2 m is a Square and 1.8 m is a Diamond 
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Figure 88 Taff Merthyr Non- Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in 
Orange and Total Fe in Blue. Sample Heights; 0.6 m is a Triangle, 1.2 m is a Square and 1.8 m is a 
Diamond 
 
Figure 89 Taff Merthyr Averaged Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) 
in Orange and Total Fe in Blue  
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Figure 90 Taff Merthyr Averaged Non- Aerated Settling Column Results. Showing; Fe(II) in Red, 
Fe(III) in Orange and Total Fe in Blue  
 
Figure 91 Taff Merthyr Multi-Logger Data. The Aerated Data is White, Non-Aerated Data is Black, 
Temperature (°C) is Squares, pH is Circles and DO (mg/L) is Triangles.  
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Dissolved Fe was not measured during the Taff Merthyr column experiments and 
therefore is not shown on the graphs. The type of settling occurring cannot be 
determined as the dissolved Fe was not measured. 
The Fe concentration decrease for both the aerated and the non-aerated columns is 
linear, although the non-aerated column has a slightly higher removal rate than the 
aerated column. The Fe(II) concentration decrease shows a non-linear trend, for both 
the aerated and non-aerated columns, with the initial oxidation occurring more rapidly 
in the aerated column. DO demand is 0.5 mg/L for full oxidation to occur, initially the 
aerated column had around 8.0 mg/L, which is in excess of the stoichiometric 
requirement, whilst the non-aerated is initially at around 2.0 mg/L, with average 
concentrations of DO within the columns differing by 3.9 mg/L. These differences in DO 
concentrations do not appear to be enough to reduce the rate of Fe oxidation to impact 
upon the Fe removal rate as the Fe removal rate within the non-aerated column is 
slightly higher than within the aerated column. Little influence between DO 
concentration and Fe removal rate was seen due to the low initial Fe(II) concentration. 
At 1 – 3 hours the concentration of Fe(II) in the aerated column dropped below that of 
Fe(III) within the column, showing that after this point settling is the rate limiting step.  
  
Figure 92 Taff Merthyr Measured and Calculated Iron Oxidation and Settling Profiles, Aerated on 
the Left, Non-Aerated on the Right, where: Red is Calculated Fe(II), Cross is Measured Fe(II), Circle 
is Calculated Fe(III) and Positive is Measured Fe(III) 
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5.1.7 Tan-Y-Garn 
Table 18 Background Chemistry of Sampled Mine Water at Tan-Y-Garn 
Analysis Value 
Acidity 144 mg/L CaCO3 equivalent 
Alkalinity 32 mg/L CaCO3 equivalent 
Net alkalinity N.M. 
Sulphates 248.9 mg/L 
Chlorides 13.6 mg/L 
Fluorides 0.1 mg/L 
pH 5.28 
Dissolved oxygen 3.65 mg/L 
Temperature 11.13°C 
 
Figure 93 Tan-Y-Garn Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in Orange, 
Total Fe in Blue and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is a Square 
and 1.8 m is a Diamond 
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Figure 94 Tan-Y-Garn Non- Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in 
Orange, Total Fe in Blue and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is a 
Square and 1.8 m is a Diamond 
 
Figure 95 Tan-Y-Garn Averaged Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in 
Orange, Total Fe in Blue and Dissolved Fe in Green 
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Figure 96 Tan-Y-Garn Averaged Non- Aerated Settling Column Results. Showing; Fe(II) in Red, 
Fe(III) in Orange, Total Fe in Blue and Dissolved Fe in Green 
 
 
Figure 97 Tan-Y-Garn Multi-Logger Data. The Aerated Data is White, Non-Aerated Data is Black, 
Temperature (°C) is Squares, pH is Circles and DO (mg/L) is Triangles.  
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The Fe concentration decrease for both the aerated and the non-aerated columns is 
linear. The Fe(II) concentration decrease is also linear, for both the aerated and non-
aerated columns, with the oxidation occurring more rapidly in the aerated column. DO 
demand is 4.9 mg/L for full oxidation to occur, initially the aerated column had around 
5.0 mg/L, which is only just sufficient for full oxidation, whilst the non-aerated is 
initially at around 4.0 mg/L, which is insufficient for full oxidation, meaning oxygen 
transfer would be required for full oxidation. Average concentrations of DO within the 
columns only differed by 1.1 mg/L. These differences in DO concentrations appear to be 
enough to reduce the rate of Fe oxidation to impact upon the Fe removal rate, if only 
slightly. This slow and linear rate of oxidation is most likely due to a combination of low 
pH of around 5.3 and below stoichiometric DO limiting the oxidation process. Due to the 
slow oxidation of Fe(II) the rate limiting step is Fe(II) oxidation throughout the 48 hour 
duration of the experiment. 
  
Figure 98 Tan-Y-Garn Measured and Calculated Iron Oxidation and Settling Profiles, Aerated on 
the Left, Non-Aerated on the Right, where: Red is Calculated Fe(II), Cross is Measured Fe(II), Circle 
is Calculated Fe(III) and Positive is Measured Fe(III) 
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5.1.8 Vivian 
Table 19 Background Chemistry of Sampled Mine Water at Vivian 
Analysis Value 
Acidity 465.6 mg/L CaCO3 equivalent 
Alkalinity 614.4 mg/L CaCO3 equivalent 
Net alkalinity N.M. 
Sulphates N.M. 
Chlorides N.M. 
Fluorides N.M. 
pH 6.4 
Dissolved oxygen 0.9 mg/L 
Temperature 16.73°C 
 
 
Figure 99 Vivian Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in Orange, Total 
Fe in Blue and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is a Square and 1.8 
m is a Diamond 
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Figure 100 Vivian Non- Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in Orange, 
Total Fe in Blue and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is a Square 
and 1.8 m is a Diamond 
 
Figure 101 Vivian Averaged Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in 
Orange, Total Fe in Blue and Dissolved Fe in Green 
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Figure 102 Vivian Averaged Non- Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III ) 
in Orange, Total Fe in Blue and Dissolved Fe in Green 
 
Figure 103 Vivian Multi-Logger Data. The Aerated Data is White, Non-Aerated Data is Black, 
Temperature (°C) is Squares, pH is Circles and DO (mg/L) is Triangles.  
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Total Fe from the bottom sampling port of the aerated column at 20 and 22 hours in 
Figure 99 appears to be erroneous in that it is far higher than the results for the middle 
and top sampling ports and general trend. This is most likely due to receiving a floc of 
Fe into the sample, or contamination of the bottom pipe. As such it has affected the 
result in Table 30 and will be recalculated for future data analysis. 
The Fe concentration decrease for the aerated column appears to have a non-linear 
trend, whilst the non-aerated column is linear. The Fe(II) concentration decrease has a 
non-linear appearance, for both the aerated and non-aerated columns, with the 
oxidation occurring more rapidly in the aerated column. DO demand is 1.8 mg/L for full 
oxidation to occur, initially the aerated column had around 3.0 mg/L, which is sufficient 
for full oxidation, whilst the non-aerated is initially at around 2.0 mg/L, which is only 
just sufficient for full oxidation. Average concentrations of DO within the columns only 
differed by 1.3 mg/L. These differences in DO concentrations appear to be enough to 
greatly affect the rate of Fe oxidation and impact upon the Fe removal rate. At 4 – 14 
hours the concentration of Fe(II) in the columns dropped below that of Fe(III) within 
the column, showing that after this point settling is the rate limiting step. 
  
Figure 104 Vivian Measured and Calculated Iron Oxidation and Settling Profiles, Aerated on t he 
Left, Non-Aerated on the Right, where: Red is Calculated Fe(II), Cross is Measured Fe(II), Circle is 
Calculated Fe(III) and Positive is Measured Fe(III) 
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5.1.9 Ynysarwed 
Table 20 Background Chemistry of Sampled Mine Water at Ynysarwed 
Analysis Value 
Acidity 230.4 mg/L CaCO3 equivalent 
Alkalinity 102.4 mg/L CaCO3 equivalent 
Net alkalinity N.M. 
Sulphates N.M. 
Chlorides N.M. 
Fluorides N.M. 
pH 5.48 
Dissolved oxygen 6.78 mg/L 
Temperature 12.66°C 
 
 
Figure 105 Ynysarwed Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in Orange, 
Total Fe in Blue and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is a Square 
and 1.8 m is a Diamond 
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Figure 106 Ynysarwed Non- Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in 
Orange, Total Fe in Blue and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is a 
Square and 1.8 m is a Diamond 
 
Figure 107 Ynysarwed Averaged Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in 
Orange, Total Fe in Blue and Dissolved Fe in Green 
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Figure 108 Ynysarwed Averaged Non- Aerated Settling Column Results. Showing; Fe(II) in Red, 
Fe(III) in Orange, Total Fe in Blue and Dissolved Fe in Green 
 
Figure 109 Ynysarwed Multi-Logger Data. The Aerated Data is White, Non-Aerated Data is Black, 
Temperature (°C) is Squares, pH is Circles and DO (mg/L) is Triangles.  
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Fe(III) was not shown on the graphs at some stages during the experiment due to the 
Fe(II) concentration being slightly higher than the total Fe concentration. This slight 
error may be due to possible sampling errors and the likelihood that all of the Fe 
present at the start of the trial is in Fe(II) form, therefore at the same concentration as 
the total Fe. The over measurement of Fe(II) associated with this error is <5% of the 
total concentration. 
The Fe concentration decrease for the aerated column can be described as being 
between non-linear and linear, whilst the non-aerated column is linear. The Fe(II) 
concentration decrease is also linear, for the non-aerated column, whilst the aerated 
column follows the same trend as the Fe concentration decrease. DO demand is 10.2 
mg/L for full oxidation to occur, initially the aerated  column had around 9.0 mg/L DO 
and the non-aerated column had around 6.0 mg/L, with a difference in average 
concentration of 1.8 mg/L, with both being below the stoichiometric requirement. The 
slow and linear rate of oxidation is most likely due to  a combination of the low pH of 
around 5.6 and the inadequate concentration of DO limiting the oxidation process. Due 
to the slow oxidation of Fe(II) the rate limiting step is Fe(II) oxidation throughout the 
48 hour duration of the experiment. 
  
Figure 110 Ynysarwed Measured and Calculated Iron Oxidation and Settling Profiles, Aerated on 
the Left, Non-Aerated on the Right, where: Red is Calculated Fe(II), Cross is Measured Fe(II), Circle 
is Calculated Fe(III) and Positive is Measured Fe(III) 
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5.2 North of England Mine Water Column Studies 
5.2.1 Clough Foot 
Table 21 Background Chemistry of Sampled Mine Water at Clough Foot 
Analysis Value 
Acidity 121.6 mg/L CaCO3 equivalent 
Alkalinity 75.2 mg/L CaCO3 equivalent 
Net alkalinity 14.4 mg/L CaCO3 equivalent (net alkaline) 
Sulphates 386.7 mg/L 
Chlorides 10.1 mg/L 
Fluorides 0.3 mg/L 
pH 5.89 
Dissolved oxygen 8.3 mg/L 
Temperature 9.91°C 
 
 
Figure 111 Clough Foot Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in Orange, 
Total Fe in Blue and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is a Square 
and 1.8 m is a Diamond 
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Figure 112 Clough Foot Non- Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in 
Orange, Total Fe in Blue and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is a 
Square and 1.8 m is a Diamond 
 
Figure 113 Clough Foot Averaged Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) 
in Orange, Total Fe in Blue and Dissolved Fe in Green 
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Figure 114 Clough Foot Averaged Non- Aerated Settling Column Results. Showing; Fe(II) in Red, 
Fe(III) in Orange, Total Fe in Blue and Dissolved Fe in Green 
 
 
Figure 115 Clough Foot Multi-Logger Data. The Aerated Data is White, Non-Aerated Data is Black, 
Temperature (°C) is Squares, pH is Circles and DO (mg/L) is Triangles. 
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The Fe concentration decrease for both the aerated and the non-aerated column is 
linear. The Fe(II) concentration decrease is also linear, for both columns. DO demand is 
3.8 mg/L for full oxidation to occur, initially the aerated column had around 4.0 mg/L 
DO (no initial measurement in non-aerated), with a difference in average concentration 
of 0.7 mg/L, which is very close to the stoichiometric requirement. The slow and linear 
rate of oxidation is most likely due to a combination of the moderately low pH of around 
6.3, the low temperatures, which are around 10°C lower than ones conducted in the lab 
and the low concentration of DO, which limit the oxidation process. Due to the slow 
oxidation of Fe(II) the rate limiting step is Fe(II) oxidation throughout the 48 hour 
duration of the experiment.  
 
Figure 116 Clough Foot Measured and Calculated Iron Oxidation and Settling Profiles, Aerated on 
the Left, Non-Aerated on the Right, where: Red is Calculated Fe(II), Cross is Measured Fe(II), Circle 
is Calculated Fe(III) and Positive is Measured Fe(III) 
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5.2.2 Sheephouse Wood 
Table 22 Background Chemistry of Sampled Mine Water at Sheephouse Wood 
Analysis Value 
Acidity 68.8 mg/L CaCO3 equivalent 
Alkalinity 119.2 mg/L CaCO3 equivalent 
Net alkalinity 32.8 mg/L CaCO3 equivalent (net alkaline) 
Sulphates 539.7 mg/L 
Chlorides 25.9 mg/L 
Fluorides 0.3 mg/L 
pH 6.47 
Dissolved oxygen 0.42 mg/L 
Temperature 12.02°C 
 
 
Figure 117 Sheephouse Wood Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in 
Orange, Total Fe in Blue and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is a 
Square and 1.8 m is a Diamond 
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Figure 118 Sheephouse Wood Non- Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) 
in Orange, Total Fe in Blue and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is 
a Square and 1.8 m is a Diamond 
 
Figure 119 Sheephouse Wood Averaged Aerated Settling Column Results. Showing; Fe(II) in Red, 
Fe(III) in Orange, Total Fe in Blue and Dissolved Fe in Green 
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Figure 120 Sheephouse Wood Averaged Non- Aerated Settling Column Results. Showing; Fe(II) in 
Red, Fe(III) in Orange, Total Fe in Blue and Dissolved Fe in Green 
 
Figure 121 Sheephouse Wood Multi-Logger Data. The Aerated Data is White, Non-Aerated Data is 
Black, Temperature (°C) is Squares, pH is Circles and DO (mg/L) is Triangles. 
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The DO in the aerated column was monitored using a new and previously unused DO 
probe, which was found out after the experiment to be faulty and therefore this  explains 
the unusual profile of the DO concentration within the column in Figure 121. The results 
derived from this data logger are not used in future analysis. 
The Fe concentration decrease for both the aerated and the non-aerated column is 
linear. The Fe(II) concentration decrease is also linear, for both columns. DO demand is 
2.2 mg/L for full oxidation to occur, initially the aerated column had around 4.0 mg/L 
DO, whilst the non-aerated column had around 2.0 mg/L, with a difference in average 
concentration of 4.6 mg/L. The aerated column was above stoichiometric, whilst the 
non-aerated column was below the stoichiometric requirement. The slow and linear 
rate of oxidation is more difficult to explain as the pH is relatively high at 6.1 – 6.6, 
however the temperature is around 10°C lower than other column tests conducted in 
the lab, which would reduce the Fe(II) oxidation rate and subsequent Fe removal rate. 
DO appears to be more than adequate for the aerated column, however it was found out 
to be an error associated with the new DO probe. Due to the slow oxidation of Fe(II) the 
rate limiting step is Fe(II) oxidation throughout the 48 hour duration of the experiment.  
  
Figure 122 Sheephouse Wood Measured and Calculated Iron Oxidation and Settling Profiles, 
Aerated on the Left, Non-Aerated on the Right, where: Red is Calculated Fe(II), Cross is Measured 
Fe(II), Circle is Calculated Fe(III) and Positive is Measured Fe(III) 
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5.3 South Island, New Zealand Mine Water Column Studies 
5.3.1 Site 1 
Table 23 Background Chemistry of Sampled Mine Water at Site 1 
Analysis Value 
Acidity 700.0 mg/L CaCO3 equivalent 
Alkalinity 0.0 mg/L CaCO3 equivalent 
Net alkalinity N.M. 
Sulphates 2400.0 mg/L 
Chlorides 2.1 mg/L 
Fluorides 1.9 mg/L 
pH 2.86 
Dissolved oxygen 7.3 mg/L 
Temperature 17.98°C 
 
 
Figure 123 Site 1 Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in Orange, Total 
Fe in Blue and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is a Square and 1.8 
m is a Diamond 
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Figure 124 Site 1 Non- Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in Orange, 
Total Fe in Blue and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is a Square 
and 1.8 m is a Diamond 
 
Figure 125 Site 1 Averaged Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in 
Orange, Total Fe in Blue and Dissolved Fe in Green 
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Figure 126 Site 1 Averaged Non- Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in 
Orange, Total Fe in Blue and Dissolved Fe in Green 
The Fe concentration decrease for both the aerated and the non-aerated column is 
linear, although there is a minor curve. The Fe(II) concentration decrease shows a non-
linear trend, for both columns and is surprisingly rapid for such low pH water. The 
speed of the oxidation at pH 2.9 suggests that bacterial oxidation is a n important factor 
in the rate of oxidation. DO demand is 3.8 mg/L for full oxidation to occur and although 
the DO concentration data was lost it can be seen that nearly all of the Fe(II) was 
oxidised.  Due to the initial Fe(II) concentration being only around 25% of the total 
initial Fe concentration and the rapid oxidation of the Fe(II) the rate limiting step for 
this mine water is the settling of the Fe(III). 
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Figure 127 Site 1 Measured and Calculated Iron Oxidation and Settling Profiles, Aerated on the 
Left, Non-Aerated on the Right, where: Red is Calculated Fe(II), Cross is Measured Fe(II), Circle is 
Calculated Fe(III) and Positive is Measured Fe(III) 
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5.3.2 Site 2 
Table 24 Background Chemistry of Sampled Mine Water at Site 2 
Analysis Value 
Acidity 50.0 mg/L CaCO3 equivalent 
Alkalinity 160.0 mg/L CaCO3 equivalent 
Net alkalinity N.M. 
Sulphates 4.1 mg/L 
Chlorides 5.0 mg/L 
Fluorides 0.1 mg/L 
pH 6.48 
Dissolved oxygen 9.12 mg/L 
Temperature 9.87°C 
 
 
Figure 128 Site 2 Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in Orange, Total 
Fe in Blue and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is a Square and 1.8 
m is a Diamond 
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Figure 129 Site 2 Non- Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in Orange, 
Total Fe in Blue and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is a Square 
and 1.8 m is a Diamond 
 
Figure 130 Site 2 Averaged Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(I II) in 
Orange, Total Fe in Blue and Dissolved Fe in Green 
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Figure 131 Site 2 Averaged Non- Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in 
Orange, Total Fe in Blue and Dissolved Fe in Green 
The Fe concentration decrease for both the aerated and the non-aerated columns show 
a non-linear trend. The Fe(II) concentration decrease is also non-existent as the 
concentration of Fe(II) within the sample is <0.2 mg/L. 
As there is little Fe(II) present within the mine water it is settling that is the rate 
limiting factor. The settling seen here has a non-linear trend, which is similar to how the 
particles would interact in a chemical reaction, such as Fe(II) oxidation. This initial 
rapid decrease in the total Fe concentration, followed by a slowing may be due to the 
larger suspended particles falling out of solution, or forming flocs then falling out of 
solution. 
A further interesting observation is that even at 158 hours the concentration of total Fe 
within the mine water has not decreased much from its concentration at around 70 
hours. This shows that some form of filtration is required post settling lagoon to remove 
the final 0.5 mg/L of Fe. 
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Figure 132 Site 2 Measured and Calculated Iron Oxidation and Settling Profiles, Aerated on the 
Left, Non-Aerated on the Right, where: Red is Calculated Fe(II), Cross is Measured Fe(II), Circle is 
Calculated Fe(III) and Positive is Measured Fe(III) 
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5.3.3 Site 3 
Table 25 Background Chemistry of Sampled Mine Water at Site 3 
Analysis Value 
Acidity 1350.0 mg/L CaCO3 equivalent 
Alkalinity 0.0 mg/L CaCO3 equivalent 
Net alkalinity N.M. 
Sulphates 1850.0 mg/L 
Chlorides 3.0 mg/L 
Fluorides 1.3 mg/L 
pH 2.65 
Dissolved oxygen 11.28 mg/L 
Temperature 10.91°C 
 
 
Figure 133 Site 3 Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in Orange, Total 
Fe in Blue, Al in Black and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is a 
Square and 1.8 m is a Diamond 
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Figure 134 Site 3 Non- Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in Orange, 
Total Fe in Blue, Al in Black and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is 
a Square and 1.8 m is a Diamond 
 
Figure 135 Site 3 Averaged Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in 
Orange, Total Fe in Blue, Al in Black and Dissolved Fe in Green 
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Figure 136 Site 3 Averaged Non- Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in 
Orange, Total Fe in Blue, Al in Black and Dissolved Fe in Green 
 
Monitoring of Al was conducted for the Site 3 mine water due to the high concentration 
of Al, which is suspected to affect the rate of Fe removal. 
The Fe concentration decrease for both the aerated and the non-aerated column is 
linear and slow. The Fe(II) concentration decrease is also linear, for both columns. The 
slow linear rate of oxidation is likely to be due to the low pH of 2.7. Bacterial oxidation is 
also likely to be a key component of the Fe(II) oxidation in this mine water. 
Due to the low concentration of Fe(II) within the mine water it is settling that is the rate 
limiting factor. The concentration of Al does not greatly alter throughout the duration of 
the experiment. 
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Figure 137 Site 3 Measured and Calculated Iron Oxidation and Settling Profiles, Aerated on the 
Left, Non-Aerated on the Right, where: Red is Calculated Fe(II), Cross is Measured Fe(II), Circle is 
Calculated Fe(III) and Positive is Measured Fe(III) 
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5.4 North Wales Metal Mine Column Study 
5.4.1 Parys Mountain 
Table 26 Background Chemistry of Sampled Mine Water at Parys Mountain 
Analysis Value 
Acidity 4800.0 mg/L CaCO3 equivalent 
Alkalinity 0.0 mg/L CaCO3 equivalent 
Net alkalinity N.M. 
Sulphates 1939.4 mg/L 
Chlorides 141.2 mg/L 
Fluorides 116.1 mg/L 
pH 2.15 
Dissolved oxygen 1.91 mg/L 
Temperature 14.37°C 
 
 
Figure 138 Parys Mountain Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in 
Orange, Total Fe in Blue and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is a 
Square and 1.8 m is a Diamond 
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Figure 139 Parys Mountain Non- Aerated Settling Column Results. Showing; Fe(II) in Red, Fe(III) in 
Orange, Total Fe in Blue and Dissolved Fe in Green. Sample Heights; 0.6 m is a Triangle, 1.2 m is a 
Square and 1.8 m is a Diamond 
 
Figure 140 Parys Mountain Averaged Aerated Settling Column Results. Showing; Fe(II) in Red, 
Fe(III) in Orange, Total Fe in Blue and Dissolved Fe in Green 
Chapter Five - Results 
163 
 
 
Figure 141 Parys Mountain Averaged Non- Aerated Settling Column Results. Showing; Fe(II) in 
Red, Fe(III) in Orange, Total Fe in Blue and Dissolved Fe in Green 
 
Figure 142 Parys Mountain Multi-Logger Data. The Aerated Data is White, Non-Aerated Data is 
Black, Temperature (°C) is Squares, pH is Circles and DO (mg/L) is Triangles. 
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The Fe concentration decrease for both the aerated and the non-aerated column is 
linear and extremely slow. The Fe(II) concentration decrease is also linear for both 
columns. DO demand is 57.4 mg/L for full oxidation to occur, initially the aerated 
column had around 5.0 mg/L DO, whilst the non-aerated column had around 7.0 mg/L, 
with a difference in average concentration of 0.1 mg/L. Neither were anywhere near the 
stoichiometric requirement and during the experiment the DO was rapidly used up, 
meaning that the Fe(II) concentration decrease was determined by the rate of oxygen 
ingress. The slow linear rate of oxidation is likely to be due to the low pH of 2.3, 
relatively low DO concentration and oxygen ingress and extremely high initial Fe 
concentration. Bacterial oxidation is also likely to be a key component of the Fe(II) 
oxidation in this mine water. 
Due to the high concentration of Fe(II), relatively low concentration of DO and its total 
consumption during the experiment the rate limiting step is the transfer of oxygen into 
the mine water, however this is made more complex as very little settling is occurring 
due to the low pH. The rate limiting factor therefore is a combination of 
hydrolysis/settling, high Fe(III) solubility at the low pH and oxygen transfer. 
  
Figure 143 Parys Mountain Measured and Calculated Iron Oxidation and Settling Profiles, Aerated 
on the Left, Non-Aerated on the Right, where: Red is Calculated Fe(II), Cross is Measured Fe(II), 
Circle is Calculated Fe(III) and Positive is Measured Fe(III) 
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5.5 Oxidation, Settling and Removal Rates 
5.5.1 Oxidation, Settling and Removal Rates 
The Fe concentration decrease profiles for circumneutral mine water sites are linear 
with a coefficient of determination (R²) value of >0.9 for 14 columns and <0.9 for 12 
columns. This shows that the total Fe concentration decrease cannot be described using 
a zero order relationship against time for all mine waters. Many of the Fe concentration 
decrease profiles show an initial rapid decrease in the total Fe concentration, which 
reduces as the total Fe concentration nears zero. For acidic sites the total Fe removal 
profiles are linear, except Site 1, which is initially rapid, then decreases during the 
experiment. Table 27 shows the average total Fe removal rate is 0.232 mg/L/hr for 
circumneutral mine water, with a range of 0.025 – 1.019 mg/L/hr. The acidic mine 
waters had an average removal rate of 0.132 mg/L/hr and a range of 0.006 – 0.330 
mg/L/hr. 
Circumneutral sites with linear Fe concentration decrease profiles typically had non -
linear Fe(II) concentration decrease profiles that are representative of exponential 
decay, whilst also having non-linear Fe(III) settling profiles that initially increase in 
concentration, then decrease with time. The combination of these two non-linear 
concentration decrease/change profiles, when combined form the linear total Fe 
concentration decrease profile. These non-linear Fe(II) and Fe(III) concentration 
decrease/changes also occur in the non-linear Fe concentration decrease profiles. 
The Fe(II) concentration decrease profiles in the circumneutral mine waters are linear 
for 10 column studies and non-linear for 14. The Fe(II) concentration decrease profile 
appears to be correlated to the pH, with lower pH mine waters having a more linear 
trend than higher pH mine waters. This crossover in profile shape is around pH 6.2 – 
6.5. This trend is confirmed by the findings of Stumm and Lee (1961), which show that 
at lower pH the oxidation rate is slowed and therefore no rapid initial decrease in Fe(II) 
is seen. All of the oxidation profiles can all be described using Equation 14, as 
demonstrated later in the thesis. The Fe(II) oxidation profile for acidic sites shows a 
moderate initial concentration decrease, which then does not decrease further if the 
Fe(II) concentration drops to near zero. Comparisons can be made between the pseudo 
first order rate constant k’, which simply describes the change in Fe(II) concentration 
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using natural log with time. Alternatively it can be compared taking into account the pH 
and DO concentration using the first order rate constant k. Parys Mountains rate 
constant k in bracket is calculated using Equation 10, which is valid for mine waters 
with pH <3.5, where the other value was calculated using the equation for 
circumneutral mine water. The oxidation rate constant k was not measured in New 
Zealand mine waters as the data logger developed a fault and at Site 2 no Fe(II) 
remained in the mine water so k’ was not calculated either.  
As expected the oxidation rate constant k’ differs between the aerated and non -aerated 
columns, which is likely to be due to the difference in DO concentration and pH if any 
CO2 has been driven off from the aeration. There is a large range in k’ in circumneutral 
mine waters from 0.15 – 14.83 d-1. This leads to a wide range in the value of k in 
circumneutral mine water of 1.5 – 388.0 x1013 M-2/atm/min, with an average of 67.5 
x1013 M-2/atm/min.  
Calculation of the decrease in Fe(II) for the three acidic mine waters using an oxidation 
rate constant k of 1.5x1013 M-2atm-1min-1 and the initial background chemistry of the 
individual mine waters, shows that there should be no change in the Fe(II) 
concentration, even after 500 hours. This is due to the oxidation rate constant k’ being 
near zero and therefore little oxidation would occur. The measured decrease in Fe(II) 
concentrations at the acidic mine sites are in stark contrast to these theoretical 
calculations, with all three sites seeing a large decrease in Fe(II) concentration in the 
first 100 hours of the experiment. This is most likely due to microbial oxidation as this is 
most prolific in the pH range of these three mine waters (Kirby et al, 1999). 
Interestingly the Fe(II) oxidation rate constant k’ measured at Site 1 in New Zealand is 
comparative to some of the higher rate constants measured at the circumneutral sites. 
This may be due to high levels of bacteria already being present in the mine water as the 
mine water was extracted from a pooled area, as can be seen in Figure 44, where the 
water may have remained for an extended period of time, although there was a constant 
flow of water passing through the pool. Homogeneous oxidation may also play a part in 
the oxidation of Fe(II) in the acidic mine waters as initial Fe(III) concentrations were 
>100 mg/L. 
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Fe(III) settling profiles are complex to describe as Fe(III) formation and Fe(III) settling 
are occurring simultaneously. This can lead to non-linear Fe(III) concentration change 
profiles if Fe(III) settling is the rate limiting step as there is a rapid increase in Fe(III) 
concentration, but slow decrease. Linear Fe(III) concentration change profiles are seen 
if Fe(II) oxidation is the rate limiting step, as long as there is no high initial Fe(III) 
concentration. Fe(III) settling it is best compared using k2, as described in Equation 20 
due to the afore mentioned complexity. The settling rate constant k2 for the 
circumneutral mine water has a range of 0.72 – 4.80 d-1, with an average of 1.52 d-1. It 
also appears that it may be related to the initial total Fe concentration, with high k2 
values being seen in high initial total Fe mine waters, which will be explored later in this 
chapter. 
Table 27 Mine Water Rate Constants and Removal Rate 
Site Total Fe 
Removal Rate 
(mg/L/hr) 
Fe(II) Oxidation 
Rate Constant k 
(1013 M-
2/atm/min) 
Fe(II) 
Oxidation 
Rate 
Constant k' 
(d-1) 
Fe(III) 
Settling 
Rate 
Constant k2 
(d-1) 
Glyncastle 0.269 – 0.388 19.1 – 30.3 0.58 – 1.33 1.68 - 1.92 
Glyncorrwg 0.045 – 0.049 5.9 – 71.5 2.67 – 2.70 0.72 - 0.96 
Gwenffrwd 0.025 – 0.028 28.1 – 388.0 0.19 – 0.22 0.72 – 1.21 
Lindsay 0.334 – 0.365 12.1 – 23.8 2.94 – 3.11 1.44 – 1.68 
Lindsay (Repeat) 0.303 – 0318 2.8 – 3.6 4.81 – 14.83 1.20 
Morlais 0.197 – 0.229 48.6 – 59.4 2.38 – 2.60 0.72 – 1.20 
Vivian 0.230 – 0.348 15.0 – 16.8 1.87 – 2.96 1.20 – 1.92 
Taff Merthyr 0.077 – 0.080 1.5 – 2.9 4.02 – 8.69 0.48 
Tan-Y-Garn 0.223 – 0.284 167.0 – 283.0 0.18 – 0.30 1.68 
Ynysarwed 0.679 – 1.019 72.0 – 129.0 0.35 – 0.67 4.80 
Clough Foot 0.149 – 0.175 7.1 0.15 1.92 
Sheephouse Wood 0.155 – 0.173 96.3 0.32 – 0.35 1.92 
Site 1 0.324 – 0.330 N.M. 1.93 0.12 – 0.14 
Site 2 0.027 – 0.028 N/A N/A 0.72 – 0.96 
Site 3 0.061 – 0.062 N.M. 0.14 0.01 
Parys Mountain 0.006 N/A 0.01 – 0.02 0.00 
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5.5.2 Modelling of Oxidation and Settling Rates 
Graphically demonstrating the modelled and column data in the results section of each 
individual mine water (Figure 56, Figure 62, Figure 68, Figure 74, Figure 80, Figure 86, 
Figure 92, Figure 98, Figure 104, Figure 110, Figure 116, Figure 122, Figure 127, Figure 
132, Figure 137 and Figure 143), showed that the change in Fe(II) and Fe(III) 
concentrations with time for the models closely resembled the measured changes in 
Fe(II) and Fe(III) concentrations with time in the column studies for the majority of 
mine waters. Exceptions to this are Parys Mountain where the measured total Fe 
increases over time, which appears to be an error and leads to the disparity seen 
between the measured and calculated Fe(III). In reality this formula would only be used 
on circumneutral mine water so the Parys Mountain results can be discounted. Taff 
Merthyr also has a lower modelled Fe(III) concentration by around 15% than the 
measured concentration, however measured concentration and modelled concentration 
then merge, showing that this is a minor difference. 
Overall the formulae suggested by Sapsford (2013) successfully fit the measured Fe(II) 
oxidation and Fe(III) settling profiles in the settling columns, however they may not 
replicate the effects of a settling lagoon as factors that may differ between settling 
lagoons and settling columns, such as ochre concentration (Barnes, 2008) microbial 
activity (Kirby et al, 1999), hydraulics (Aube et al, 2012), may affect the measured outlet 
Fe concentrations. 
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5.6 Factors Affecting the Rates of Fe(II) Oxidation, Fe(III) 
Settling and Fe Removal 
This section aims to aid in the creation of the design sizing criteria by further analysing 
the column results to look for aspects within the mine water that influence the rates of 
Fe(II) oxidation, Fe(III) settling and Fe removal. 
 
5.6.1 Factors Affecting the Rate of Fe(II) Oxidation 
The factors that may affect oxidation are compared to the oxidation rate constants k and 
k’. 
pH 
A relationship between the Fe(II) oxidation rate constant k and the H+ concentration is 
seen in Figure 144, which shows higher values for the oxidation rate constant at lower 
pH/higher H+. Spearman’s rank is 0.91 with a significance of 99.9%. 
 
 
Figure 144 Fe(II) Oxidation Rate Constant k against H+ Concentration 
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Dissolved Oxygen 
Dissolved oxygen, pH and the initial Fe(II) concentration are known to affect the rate of 
Fe(II) oxidation as shown in Equation 8 by Stumm and Lee (1961), with pH having the 
greatest impact and therefore are not investigated for their impact upon the rates of 
Fe(II) oxidation in this thesis. 
 
Ochre 
Ochre acts to increase the rate of oxidation (Rentz et al, 2007; Barnes, 2008), with the 
initial concentration of Fe(III) present in the aerated column mine water during the first 
sample extraction being shown in Table 10 . Little correlation is seen between the initial 
Fe(III) concentration and the oxidation rate constants k and k’ in Figure 145 and Figure 
146. These have Spearman’s ranks of -0.25 and 0.15 respectively, which means the 
significance is <95%. 
Negative concentrations of Fe(III) are present, which are erroneous and are due to the 
inaccuracies in the measurement of Fe(II) and total Fe, which when combined give rise 
the negative Fe(III) values. 
 
Figure 145 Initial Fe(III) Concentration against Oxidation Rate Constant k  
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Figure 146 Initial Fe(III) Concentration against Oxidation Rate Constant k' 
Initial Iron Concentration 
The oxidation rate constant k was compared to the initial total Fe in Figure 147 and 
initial Fe(II) in Figure 148. These showed little overall correlation, however it appears 
that in general lower initial Fe(II) concentration mine waters also have a lower 
oxidation rate constant. These have Spearman’s ranks of 0.65 and 0.54 respectively, 
which means the significance is 99% and 95%. 
 
Figure 147 Initial Total Fe Concentration Compared to k for Circumneutral Mine Water 
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Figure 148 Initial Fe(II) Concentration Compared to k for Circumneutral Mine Water 
 
Background Elements 
Copper present in concentrations >0.2 mg/L acts as a catalyst to increase the rate of 
oxidation by up to five times (Stumm and Lee, 1961), along with other elements, such as 
manganese and cobalt, the initial concentrations of which are shown in the major ions 
present in the mine waters are presented in Table 10,  
The concentration of DO is also an important factor as both the aerated and non-aerated 
columns have the same concentration of elements present, but rates of oxidation differ 
between the columns. This may also be due to the aeration altering the pH, therefore 
increasing the rate of Fe(II) oxidation in the higher pH columns. 
Within the circumneutral mine waters only Sheephouse Wood and Clough Foot had 
detectable or measured concentrations of copper, however these two mine waters are 
oxidation rate limited and have low k and k’ values. They also have some of the highest 
concentrations of cobalt and manganese, which do not appear to increase the rates of 
Fe(II) oxidation. 
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5.6.2 Factors Affecting the Rate of Fe(III) Settling 
As the rate of settling is not linear and is continuously being formed at varying rates 
based upon the rate of Fe(II) oxidation then the factors that may affect settling are 
compared to the settling rate constant k2. 
If Younger et al (2002) and Grundl and Delwiche (1993) are correct that the rate of 
settling/settling rate constant k2 is proportional to the inlet Fe concentration, then at 
Clough Foot, Glyncastle, Lindsay and Sheephouse Wood, which all have the same or very 
similar k2 values the initial concentration of Fe should all be similar. This however is not 
the case as the initial Fe concentrations at those sites vary considerably from 15 mg/L 
to 30 mg/L, which shows that other factors are affecting the settling rate constant k 2. 
Some of the processes of Fe removal in circumneutral mine water that may affect k2 and 
the overall rate of settling include; the rate of Fe(II) oxidation/rate of Fe(III) formation, 
the rate of nucleation, the rate of floc formation and floc size. Individual aspects of the 
mine water are examined to determine the effects they have on these processes. 
 
Initial Iron concentration 
Analysis of k2 against the initial total Fe concentration and k’ for circumneutral mine 
waters was conducted and showed that there was a positive correlation between  k2 and 
the initial total Fe concentration in Figure 149, although no correlation was seen 
between k2 and the oxidation rate constant k’  as may be expected if the rate of Fe(III) 
settling was proportional to the rate of Fe(III) formation.  These have Spearman’s ranks 
of -0.34 and -0.15 respectively, which means the significance is <95% for both. The 
Spearman’s rank analysis appears to be erroneous for k2 against the initial Fe 
concentration as there is no downward trend and may be caused by the k2 value being 
the same for multiple mine waters. 
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Figure 149 Initial Fe Concentration and k’ Compared to k2 for Circumneutral Mine Waters 
 
pH 
Comparisons of the average OH- measured within the column over the duration of the 
experiment are shown in Figure 150 and show that there is no correlation to the Fe(III) 
settling rate constant k2. This has a Spearman’s rank of -0.10 and significance of <95%. 
 
 
Figure 150 Average OH- in the Column Compared to k2 in Circumneutral Mine Waters 
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Background Elements 
Another factor may be the variation in the background concentration of calcium and 
magnesium, as at the sites with high total Fe concentrations, lower concentrations of  
calcium and magnesium were present than at sites with low total Fe concentrations.  
Calcium and magnesium are known to alter the zeta potential so that the rates of floc 
formation and settling may differ (Tipping and Cooke, 1982; Amirbahman and Olson, 
1995; Peiffer et al, 1999). The concentrations of calcium and magnesium in the mine 
waters are shown in Table 10. 
Zeta Potential 
Zeta potential was measured only on samples extracted over the two week period of 
lagoon sampling at Lindsay, Morlais and Taff Merthyr, with the results shown in Table 
28. This showed that Lindsay had the greatest zeta potential, followed by Morlais and 
Taff Merthyr, meaning that if all else were equal then Lindsay should have the highest 
rate of Fe(III) settling. 
Table 28 Zeta Potential During the Lagoon Experiments 
Date (2015) Lindsay (mV) Morlais (mV) Taff Merthyr (mV) 
23/11 -12.7 -8.35 N.M 
24/11 -11.7 -9.37 -6.28 
25/11 -11.3 -7.64 -6.87 
26/11 -10.8 -7.54 -6.95 
27/11 -10.5 -7.67 -7.5 
28/11 N.M N.M N.M 
29/11 N.M N.M N.M 
30/11 -10.9 -7.74 -6.78 
01/12 -10.2 -6.92 -7.38 
02/12 -9.01 -8.23 -5.92 
03/12 -10.1 -6.76 -7.32 
04/12 -9.92 -6.61 -7.3 
05/12 N.M N.M N.M 
06/12 N.M N.M N.M 
Average -10.7 -7.7 -6.9 
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5.6.3 Factors Affecting the Rate of Fe Removal 
The Fe removal rate is the combined rate of Fe(II) oxidation and Fe(III) removal and 
does not always have a linear rate of concentration decrease, therefore the linear Fe 
removal rates are compared for simplicity. 
 
Dissolved Oxygen 
Fe removal rates in Table 29 appear to be affected by the amount of DO present, with 
the majority of mine waters that have higher Fe removal rates being within the aerated 
column. Upon closer inspection in Figure 151 the relationship between average DO 
concentration within the column and Fe removal rate is less visible and has a very low 
R² value and Spearmans rank of 0.19, with a significance of <95%, indicating little direct 
relationship between average DO concentration and Fe removal rate , which would be 
expected as pH has the greatest influence on rate of Fe(II) oxidation and DO 
concentration has no impact upon the rate of Fe(III) settling. 
 
Table 29 Comparison of Aerated to Non-Aerated Columns Fe Removal Rates  
Site Aerated Column Fe Removal 
Rate (mg/L/hr) 
Non-Aerated Column Fe 
Removal Rate (mg/L/hr) 
Glyncastle 0.388 0.269 
Glyncorrwg 0.045 0.049 
Gwenffrwd 0.028 0.025 
Lindsay 0.365 0.334 
Lindsay (Repeat) 0.318 0.303 
Morlais 0.229 0.197 
Vivian 0.348 0.230 
Taff Merthyr 0.074 0.080 
Tan-Y-Garn 0.284 0.223 
Ynysarwed 1.019 0.679 
Clough Foot 0.175 0.149 
Sheephouse Wood 0.173 0.155 
Site 1 0.330 0.324 
Site 2 0.028 0.027 
Site 3 0.061 0.062 
Parys Mountain 0.006 0.006 
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Figure 151 Comparison of Fe Removal Rate to Averaged DO Concentration 
pH 
As pH has a large impact upon the rate of Fe(II) oxidation, but no effect on the rate of 
Fe(III) settling it is compared to the rate of Fe removal in Figure 152, which shows no 
correlation and a Spearman’s rank of 0.29, with a significance of <95%. 
 
Figure 152 Comparison Between Fe Removal Rate and Average OH- in Circumneutral Mine Waters 
Chapter Five - Results 
178 
 
Depth of a Settling Lagoon 
This analysis aids in the determination of the type of settling that is occurring, with the 
possibilities being; flocculent, discrete, zone or compression settling as described in 
Mechanisms of Particle Settling in section 2.2.2. 
The first stage in the analysis is to correct for the visibly erroneous value for the 0.6m 
sampling port in the Vivian aerated column, where the value of 120.6% is very much 
above average and distinctly different to any other trends. This error has previous ly 
been discussed in the Vivian results. With the Vivian data excluded the average 
decreases to 101.6% as seen in Table 30. 
A clear, albeit minor trend (at only +1.4%, -1.7%) is demonstrated in Table 30, which 
shows, on average the concentration of total Fe increases as the height within the 
column decreases. This is applicable to both the aerated and non-aerated columns, 
which only have a maximum difference of 0.2% between each other. Not every mine 
water shows the same trend, with some mine waters having increased concentrations 
higher within the column, although these are usually associated with a higher 
concentration at the lower sampling port as well.  
It can be concluded that the type of Fe(III) settling is not compression settling as no 
increase in concentration is experienced at any of the sampling ports, however when 
emptying the column around the first two litres of mine water is bright orange in colour 
and appears to be mostly solids suspended in the water. Zone settling can be discou nted 
as there is no major change in concentration between the sampling ports , which would 
indicate a distinct boundary layer. Discrete settling can be discounted as the majority of 
Fe(III) is removed after passing through a 0.2 μm filter, as shown by the d issolved Fe 
concentration always being less than the Fe(II) concentration. Exceptions to this are the 
acidic sites and Tan Y Garn, whose dissolved Fe concentration is greater than the Fe(II) 
concentration, but not as high as the total Fe concentration, sho wing that floc formation 
above 0.2 μm is still occurring. Parys Mountain has such a low pH that no floc formation 
is occurring and the Fe is remaining in colloidal form or dissolved. The concentration of 
dissolved Fe being lower than Fe(II) in the circumneutral mine waters shows that some 
Fe(II) may be adhered to particulate Fe(III) and therefore is removed when filtered, 
thus giving the higher Fe(II) concentration than dissolved Fe, which may also be 
Chapter Five - Results 
179 
 
indicative of autocatalysis occurrence. As discrete, zone and compression settling have 
been ruled out and the majority of Fe(III) present in the mine water existing as flocs 
over 0.2 μm in size it can be concluded that flocculent settling is the dominant Fe(III) 
settling process in these circumneutral mine waters. 
 
Table 30 Comparison of Normalised Concentration to 1.2 m Sampling Port in the Column for Total 
Fe 
 Aerated Non-Aerated 
Site 1.8m (%) 0.6m (%) 1.8m (%) 0.6m (%) 
Glyncastle 98.7 99.6 100.1 98.8 
Glyncorrwg 96.1 101.2 96.0 99.9 
Gwenffrwd 99.5 100.2 100.3 100.2 
Lindsay 97.6 103.4 96.3 102.4 
Lindsay (Repeat) 97.3 105.3 96.9 96.7 
Morlais 101.6 103.0 96.3 102.5 
Vivian 98.6 120.6 89.2 98.4 
Taff Merthyr 90.4 107.8 97.7 112.8 
Tan-Y-Garn 100.2 100.4 100.7 102.2 
Ynysarwed 99.0 102.5 98.2 101.2 
Clough Foot 99.4 98.3 98.3 97.5 
Sheephouse Wood 100.5 100.9 99.0 103.9 
Site 1 102.1 100.2 99.9 102.2 
Site 2 89.6 98.6 105.1 99.7 
Site 3 101.8 103.2 97.9 100.6 
Parys Mountain 97.2 99.4 99.8 100.0 
Average 98.1 102.8 (101.6) 98.2 101.2 
 
Initial Iron Concentration 
Comparing the initial total Fe concentration to the Fe removal rate in Figure 153 shows 
that there may be a correlation, however there are a few acidic mine waters, which do 
not conform to the rate law in Equation 8 that may be obscuring this trend. This has a 
Spearman’s rank of 0.25 and significance of <95%. Removal of the acidic mine water 
results in Figure 154 shows that there is a positive trend between the initial Fe 
concentration and the Fe removal rate, which has a moderately high R² value, 
Spearman’s rank of 0.64 and significance of 99%. This relationship between the initial 
Fe concentration and the Fe removal rate is in keeping with conclusion that the rate of 
Fe removal is proportional to the initial total Fe concentration drawn from research 
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conducted by many authors such as; Stumm and Lee (1961), Millero et al (1987) and 
Sapsford (2011). 
 
Figure 153 Comparison of Fe Removal Rate to Initial Fe Concentration for All Mine Waters 
 
 
Figure 154 Comparison of Fe Removal Rate to Initial Total Fe Concentration in Circumneutral (pH 
6-8) Mine Waters  
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5.7 Settling Lagoon Monitoring Results 
Lindsay, Morlais and Taff Merthyr settling lagoons were monitored for 14 consecutive 
days, with inlet and outlet Fe(II), total Fe, dissolved Fe, pH, DO and temperature 
measured each day along with the flowrate from the outlet. 
Corresponding outlet measurements are calculated using the retention time i.e. if the 
retention time is 1.1 days on the 23/11 then the outlet concentration on the 24/11 will 
be used with the inlet concentration on the 23/11, however if it was 1.6 days then the 
outlet concentration on the 25/11 would be used. 
During the sampling at Lindsay work was carried out by a maintenance crew to clean 
the pipe supplying fresh mine water to the settling lagoons, which required a partial 
bypass into the centre of the lagoon. This means that any results or modelling on the 
1/12/16 to 3/12/16 are not representative and are discarded from future analysis.  
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5.7.1 Lindsay Settling Lagoon Monitoring Results 
Settling lagoon monitoring results for the inlet at Lindsay are shown in Table 31, the 
outlet results are in Table 32 and the other recorded parameters are in Table 33. 
Table 31 Lindsay Inlet Lagoon Monitoring 
Date (2015) pH DO 
(mg/L) 
Temperature 
(°C) 
Fe(II) 
(mg/L) 
Total Fe 
(mg/L) 
Fe(III) 
(mg/L) 
Dissolved 
Fe (mg/L) 
23/11 7.37 5.66 11.4 10.3 14.1 3.8 12.4 
24/11 7.48 4.51 12.3 10.1 12.5 2.4 12.3 
25/11 7.66 5.42 12.6 10.1 13.2 3.2 11.5 
26/11 7.71 6.20 12.6 11.0 11.1 0.1 9.8 
27/11 7.57 5.46 13.6 11.0 13.5 2.5 12.7 
28/11 7.74 6.95 11.9 10.6 13.1 2.5 11.5 
29/11 7.86 8.69 12.0 10.4 15.5 5.1 12.9 
30/11 7.60 8.85 12.5 10.0 12.9 2.9 11.6 
1/12 7.73 7.83 12.3 10.2 14.7 4.5 14.0 
2/12 7.57 7.07 13.2 8.7 22.4 13.7 12.7 
3/12 7.46 8.80 13.3 14.1 19.6 5.5 19.8 
4/12 7.57 7.92 12.6 12.3 14.5 2.2 14.1 
5/12 7.48 0.94 12.9 11.6 12.9 1.3 12.5 
6/12 7.54 0.80 12.8 6.4 10.1 3.7 9.2 
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Table 32 Lindsay Outlet Lagoon Monitoring 
Date (2015) pH DO (mg/L) Temperature 
(°C) 
Fe(II) 
(mg/L) 
Total 
Fe 
(mg/L) 
Fe(III) 
(mg/L) 
Dissolved 
Fe (mg/L) 
23/11 
7.56 
7.58 11.8 0.1 7.3 7.2 0.3 
24/11 7.57 7.59 12.1 0.1 7.5 7.4 0.4 
25/11 7.60 6.68 12.5 0.2 6.1 5.9 0.3 
26/11 7.51 6.14 13.2 0.1 7.0 6.9 0.1 
27/11 7.81 6.44 13.3 0.1 6.7 6.6 0.4 
28/11 7.66 7.64 11.9 0.0 5.6 5.6 0.0 
29/11 8.01 7.95 11.9 0.0 5.0 5.0 0.0 
30/11 7.83 8.16 12.0 0.0 5.4 5.3 0.3 
1/12 7.54 7.33 12.7 0.0 7.1 7.1 0.5 
2/12 7.62 7.53 12.7 8.8 15.4 6.6 0.3 
3/12 7.48 5.66 13.3 0.4 6.2 5.8 0.5 
4/12 7.70 7.06 12.4 0.1 4.6 4.5 0.4 
5/12 7.81 8.34 12.4 0.0 5.9 5.8 0.3 
6/12 7.84 7.99 12.9 0.1 6.3 6.3 0.3 
Table 33 Lindsay Other Parameters 
Date 
(2015) 
Acidity 
(mg/L 
CaCO3 
eq) 
Alkalinity 
(mg/L 
CaCO3 eq) 
Average 
Flow 
(L/s) 
Retention 
Time 
(days) 
Sulphate 
(mg/L) 
Chloride 
(mg/L) 
Fluoride 
(mg/L) 
Zeta 
Potential 
(mV) 
23/11 
41.6 
374.4 21.5 1.6 187.0 43.6 2.6 -12.7 
24/11 32.0 382.4 24.0 1.4 191.1 46.9 2.9 -11.7 
25/11 49.6 376.0 22.4 1.5 169 36.6 2.7 -11.3 
26/11 51.2 395.2 22.2 1.5 187.7 43.3 3.2 -10.8 
27/11 48.0 390.4 24.6 1.4 193.7 55.3 0.0 -10.5 
28/11 38.4 355.2 25.4 1.3 N.M N.M N.M N.M 
29/11 28.8 390.4 28.1 1.2 N.M N.M N.M N.M 
30/11 43.2 326.4 33.5 1.0 146 40.9 1.8 -10.9 
1/12 41.6 342.4 34.3 1.0 169.1 90.7 0.0 -10.2 
2/12 25.6 382.4 30.2 1.1 195.8 75.4 0.0 -9.01 
3/12 67.2 380.8 34.8 1.0 N.M N.M N.M -10.1 
4/12 49.6 406.4 30.1 1.1 N.M N.M N.M -9.92 
5/12 48.0 414.4 29.2 1.1 N.M N.M N.M N.M 
6/12 25.6 323.2 35.8 0.9 N.M N.M N.M N.M 
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5.7.2 Morlais Settling Lagoon Monitoring Results 
Settling lagoon monitoring results for the inlet at Morlais are shown in Table 34, the 
outlet results are in Table 35 and the other recorded parameters are in Table 36. 
 
Table 34 Morlais Inlet Lagoon Monitoring 
Date (2015) pH DO 
(mg/L) 
Temperature 
(°C) 
Fe(II) 
(mg/L) 
Total 
Fe 
(mg/L) 
Fe(III) 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
23/11 
6.79 
4.20 13.7 12.7 14.4 1.7 14.5 
24/11 6.82 4.37 13.9 12.8 15.2 2.4 15.0 
25/11 6.85 4.09 14.0 11.3 11.0 -0.3 12.2 
26/11 6.94 5.54 14.0 7.0 12.1 5.1 11.3 
27/11 6.93 4.85 14.0 11.1 13.6 2.5 12.7 
28/11 6.93 5.07 13.9 11.6 13.6 2.0 12.7 
29/11 6.95 5.47 13.9 11.6 13.5 1.9 12.7 
30/11 6.98 5.87 13.9 9.8 13.8 4.0 13.0 
1/12 6.94 5.88 13.8 7.9 17.0 9.1 15.5 
2/12 6.94 5.38 13.9 11.2 16.1 4.9 14.6 
3/12 6.92 5.51 13.9 10.5 13.3 2.8 12.5 
4/12 6.91 6.11 13.9 10.6 13.1 2.5 10.8 
5/12 6.93 5.99 13.8 7.6 12.8 5.2 11.1 
6/12 6.94 5.25 13.9 8.8 12.8 4.0 11.6 
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Table 35 Morlais Outlet Lagoon Monitoring 
Date (2015) pH DO 
(mg/L) 
Temperature 
(°C) 
Fe(II) 
(mg/L) 
Total 
Fe 
(mg/L) 
Fe(III) 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
23/11 
7.29 
3.85 11.6 2.1 12.5 10.4 2.7 
24/11 7.38 6.93 12.2 0.1 10.9 10.9 0.7 
25/11 7.49 7.55 12.2 0.4 9.3 8.9 0.3 
26/11 7.08 5.67 13.3 1.6 10.4 8.8 1.6 
27/11 7.31 6.01 13.3 1.0 10.4 9.4 1.0 
28/11 7.31 7.14 11.5 0.5 12.4 11.9 0.8 
29/11 7.82 7.95 12.1 0.1 8.4 8.2 0.1 
30/11 7.45 7.57 12.5 0.4 10.1 9.7 0.8 
1/12 7.37 7.38 13.1 0.2 10.1 9.9 0.7 
2/12 7.53 7.49 12.5 0.6 10.0 9.4 0.6 
3/12 7.32 6.41 13.3 0.6 8.8 8.2 0.8 
4/12 7.25 7.07 12.6 1.2 9.8 8.6 1.5 
5/12 7.66 8.29 12.2 0.4 8.2 7.8 0.7 
6/12 7.69 8.03 12.7 0.1 7.7 7.6 1.0 
Table 36 Morlais Other Parameters 
Date 
(2015) 
Acidity 
(mg/L 
CaCO3 
eq) 
Alkalinity 
(mg/L 
CaCO3 eq) 
Average 
Flow 
(L/s) 
Retention 
Time 
(days) 
Sulphate 
(mg/L) 
Chloride 
(mg/L) 
Fluoride 
(mg/L) 
Zeta 
Potential 
(mV) 
23/11 
44.8 
236.8 173.6 1.1 
263 
44.1 3.3 -8.35 
24/11 54.4 235.2 130.2 1.5 278.9 55.6 3.6 -9.37 
25/11 41.6 240.0 154.2 1.3 253.3 51.2 2.7 -7.64 
26/11 43.2 248.0 182.4 1.1 264 61.9 2.1 -7.54 
27/11 44.8 238.4 154.8 1.2 288.5 60.7 3.7 -7.67 
28/11 41.6 230.4 157.7 1.2 N.M N.M N.M N.M 
29/11 57.6 233.6 178.3 1.1 N.M N.M N.M N.M 
30/11 46.4 233.6 177.5 1.1 258.5 0 2.3 -7.74 
1/12 51.2 236.8 178.4 1.1 292.7 62.7 1.9 -6.92 
2/12 54.4 240.0 183.5 1.1 315.2 59.9 0 -8.23 
3/12 64.0 257.6 174.4 1.1 N.M N.M N.M -6.76 
4/12 51.2 216.0 173 1.1 N.M N.M N.M -6.61 
5/12 51.2 232.0 199.7 1.0 N.M N.M N.M N.M 
6/12 48.0 241.6 204.6 0.9 N.M N.M N.M N.M 
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5.7.3 Taff Merthyr Settling Lagoon Monitoring Results 
Settling lagoon monitoring results for the inlet at Taff Merthyr are shown in Table 37, 
the outlet results are in Table 38 and the other recorded parameters are in Table 39. 
 
Table 37 Taff Merthyr Inlet Lagoon Monitoring 
Date (2015) pH DO 
(mg/L) 
Temperature 
(°C) 
Fe(II) 
(mg/L) 
Total 
Fe 
(mg/L) 
Fe(III) 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
23/11 N.M N.M N.M N.M N.M N.M N.M 
24/11 7.24 6.09 11.5 4.0 4.9 1.0 4.4 
25/11 7.19 6.86 11.8 3.7 4.2 0.5 3.7 
26/11 7.26 6.07 11.8 3.9 5.3 1.4 4.5 
27/11 7.26 6.52 11.8 4.2 5.0 0.9 4.3 
28/11 7.26 6.43 11.2 4.2 5.7 1.5 4.9 
29/11 7.49 6.99 11.5 4.2 5.2 1.0 4.7 
30/11 7.72 7.54 11.8 4.3 5.3 1.0 5.1 
1/12 7.34 7.45 11.8 4.0 6.1 2.1 5.1 
2/12 7.43 6.12 11.7 3.7 5.9 2.2 5.1 
3/12 7.19 5.82 11.8 3.7 4.6 0.9 3.8 
4/12 7.42 3.03 11.8 3.7 5.2 1.5 3.7 
5/12 7.72 5.02 12.0 2.8 3.6 0.8 3.4 
6/12 7.40 3.93 11.8 3.1 4.0 0.9 3.5 
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Table 38 Taff Merthyr Outlet Lagoon Monitoring 
Date (2015) pH DO 
(mg/L) 
Temperature 
(°C) 
Fe(II) 
(mg/L) 
Total 
Fe 
(mg/L) 
Fe(III) 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
23/11 N.M N.M N.M N.M N.M N.M N.M 
24/11 7.45 6.15 11.2 0.5 4.3 3.8 0.6 
25/11 7.39 5.41 11.7 0.9 3.9 3.0 0.9 
26/11 7.43 4.55 11.6 0.8 4.5 3.8 0.9 
27/11 7.35 7.22 11.8 1.2 4.6 3.4 1.4 
28/11 7.46 6.78 11.0 1.0 4.9 3.9 1.2 
29/11 7.55 6.88 11.4 0.3 4.3 4.0 0.3 
30/11 7.36 5.86 11.6 1.0 5.2 4.2 1.4 
1/12 7.26 6.19 11.9 0.8 5.5 4.7 1.7 
2/12 7.33 6.32 11.7 1.2 5.3 4.1 1.5 
3/12 7.26 6.12 11.9 1.2 4.3 3.1 1.4 
4/12 7.27 6.59 11.6 0.9 4.0 3.1 1.0 
5/12 7.41 5.76 11.5 0.1 3.5 3.4 0.9 
6/12 7.37 5.67 11.8 0.9 3.5 2.6 1.0 
Table 39 Taff Merthyr Other Parameters 
Date 
(2015) 
Acidity 
(mg/L 
CaCO3 
eq) 
Alkalinity 
(mg/L 
CaCO3 eq) 
Average 
Flow 
(L/s) 
Retention 
Time 
(days) 
Sulphate 
(mg/L) 
Chloride 
(mg/L) 
Fluoride 
(mg/L) 
Zeta 
Potential 
(mV) 
23/11 N.M N.M 31.5 0.5 N.M N.M N.M N.M 
24/11 4.8 200.0 31.5 0.5 126.3 20.7 0.6 -6.28 
25/11 20.8 198.4 31.5 0.5 113.7 19.3 0.6 -6.87 
26/11 11.2 195.2 31.5 0.5 128.7 19.2 0.9 -6.95 
27/11 16.0 201.6 31.5 0.5 128.3 24.3 0 -7.5 
28/11 25.6 203.2 31.5 0.5 N.M N.M N.M N.M 
29/11 38.4 201.6 31.5 0.5 N.M N.M N.M N.M 
30/11 25.6 192.0 31.5 0.5 116.5 47.3 0.4 -6.78 
1/12 24.0 185.6 31.5 0.5 157.4 20.8 0.1 -7.38 
2/12 28.8 198.4 31.5 0.5 137.1 28.3 0.9 -5.92 
3/12 17.6 193.6 31.5 0.5 N.M N.M N.M -7.32 
4/12 16.0 190.4 31.5 0.5 N.M N.M N.M -7.3 
5/12 25.6 195.2 31.5 0.5 N.M N.M N.M N.M 
6/12 20.8 195.2 31.5 0.5 N.M N.M N.M N.M 
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5.8 Applicability of Column Studies 
The aim of this section is to provide the results and analysis needed to develop an 
experimental procedure that can be used to measure the rates of Fe(II) oxidation and 
Fe(III) settling in mine water. 
Repeatability of the column test is important, because if there is a wide variation in the 
behaviour of the mine water for two separate column tests, then precision of the column 
testing procedure may be called into question. 
Precision of the extraction of a sample from a sampling port has already been discussed 
in the methodology section. The calculated standard deviation in percentage, derived 
from Table 9 is as follows; Fe(II) using phenanthroline 2.3%, Fe(II) using Hach reagent 
17.8%, dissolved Fe using ICP-OES 0.8%, dissolved Fe using Hach reagent 7.3%, total Fe 
using ICP-OES 0.5%, total Fe using Hach reagent 1.3% and Al 3.8%. 
The site chosen for a complete column test repetition was Lindsay due to it having the 
highest Fe concentration out of the sites being used for the lagoon trial, with column 
tests being conducted 18 months apart. 
The main differences in the mine water are shown in Table 40. The parameter which is 
likely to affect the behaviour of the mine water to the greatest extent is the increase in 
pH from 6.6 to 7.2. This increase in pH is responsible for the lower acidity, high er 
oxidation rate constant (k’) (Millero et al, 1987), and most likely the lower 
concentrations of sodium, calcium and magnesium due to dissolving less of the minerals 
within the mine. This reduction in these elements may be the cause of the reduced 
settling rate constant (k2) (Peiffer et al, 1999; Mylon et al, 2004). 
The greatest difference seen between the first column test on the mine water and 
Lindsay and the second column test was an increased rate of oxidation constant, k’  for 
the second column test, which is likely to be due to the increase in pH 
Another difference between the two column tests is that the oxidation rate co nstant k is 
higher in the first column test. It is possible that k is related to the initial Fe(II) 
concentration, however at only a 2 mg/L initial Fe(II) concentration it is unlikely that 
this is the most important factor affecting the change in oxidation rate constant k. 
Another potential reason for the higher k value is due to microbial oxidation being more 
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active at the lower pH (Kirby et al, 1999), which cannot be discounted from having an 
impact as it was not measured during the column tests. It is unlikely that homogeneous 
oxidation was the cause as the initial Fe(III) concentrations between the columns were 
exactly the same. 
 
Table 40 Differences in the Chemistry of the Mine Water at Lindsay 
Parameter Original Repeat 
Average pH of aerated column 6.6 7.2 
Average DO of aerated column 
(mg/L) 
4.4 3.2 
Inlet Fe(II) (mg/L) 12.0 10.2 
Inlet Fe (mg/L) 16.5 14.7 
Acidity (mg/L CaCO3 eq.) 296.0 64.0 
Rate limiting factor Settling Settling 
k’ aerated/non-aerated (d-1) 3.11/2.94 14.83/4.81 
k aerated/non-aerated                    
(M-²/atm/min) 
1.2x1014/2.4x1014 3.6x1013/2.8x1013 
k2 aerated/non-aerated (d-1) 1.68/1.44 1.20/1.20 
Sodium (mg/L) 
418 113 
Calcium (mg/L) 164 56 
Magnesium (mg/L) 114 62 
Potassium (mg/L) 77 60 
 
These results show that mine water extracted from the same location can behave 
differently and have differing rates of Fe(II) oxidation and Fe(III) settling. This should 
be taken into account when modelling the outlet Fe concentrations from a settling 
lagoon.  
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5.9 Limitations and Potential Error 
5.9.1 Column Studies 
Potential error in the calculation of k can originate from measurement of the 
concentration of Fe(II) or from the HANNA 9828 meter measuring pH, DO and 
temperature. One standard deviation in measurement of Fe(II) is 0.07 mg/L at an 
average value of 3.07 mg/L, which means there is little inaccuracy in the Fe(II) values.  
As discussed previously drift can occur with the HANNA 9828 meter, which causes a 
difference in measurement of pH, temperature and DO between the two columns. The 
greatest difference seen between the two data loggers at the end of the 48 hour 
experiment is 0.1°C, 1 mg/L DO and 0.3 pH, however it is most often lower than these 
values. The difference in the value of k would be nothing for a 0.1°C rise in temperature, 
40% increase for a 1 mg/L DO decrease and 400% increase for a 0.3 pH decrease, which 
may be the cause of some of the differences in the value of k between the aerated and 
non-aerated columns. 
Potential error in the calculation of k2 can originate from measurement of the 
concentration of total Fe and Fe(II) as k2 is the Fe(III) rate constant, where Fe(III) is 
calculated as total Fe minus Fe(II). One standard deviation for total Fe is 2.6 mg/L at an 
average concentration of 504.7 mg/L, therefore this error, along with the Fe(II) 
measurement error is minimal. 
Changes in the chemistry of the mine water over time can also alter the rate constants k 
and k2, which is shown to have happened at Lindsay, which a year later k has decreased 
from 12.1 x1013 to 3.6 x1013 M-2/atm/min and k2 reduced from 1.68 to 1.20 d-1, although 
this decrease in k2 may be due to the decrease in the rate of oxidation. This shows that 
there is no fixed oxidation and settling rate constants, even for the same mine water as 
the chemistry can change over time. The effect this has upon the Fe(II) oxidation, Fe(III) 
settling and overall Fe removal rate in a circumneutral settling lagoon will be discussed 
in the modelling iron oxidation, settling and removal results and discussion. The exact 
difference this has upon the final Fe(II), Fe(III) and total Fe concentrations is shown in 
detail in the section ‘limitations and potential error from lagoon modelling’ later in this 
thesis. 
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5.8.2 Settling Lagoon Studies 
The calculations within the lagoons are based upon an average logged over 15 minutes 
for pH, DO, temperature and flowrate, taken around the same time every day and it is 
then assumed that this value remains constant for the next 24 hours. The flowrate at 
Taff Merthyr is based upon averaged pump logs over the 14 day duration and therefore 
actual flow rates may have varied. As the variation in flow during the day is unknown no 
error can be associated with this limitation.  
Variation between the daily monitoring is shown in Table 41, which shows that on 
average the pH difference is low between the mine water, but can be high enou gh at 
Lindsay and Taff Merthyr to greatly alter the rates of Fe(II) oxidation. If these mine 
waters were Fe(II) oxidation rate limited this could be a contributory factor in 
differences between the modelled and measured outlet Fe concentrations. The DO 
concentration has a far lower impact upon the rate of Fe(II) oxidation than the pH and 
therefore only the maximum difference at Lindsay and Taff Merthyr would make a 
visible difference in outlet Fe concentration, however these values only occurred on one 
occasion. The difference in flowrates at Lindsay only caused the variation in nominal 
residence time of 0.2 days and 0.1 days for Morlais. The average differences in Fe(II) 
concentration were low, however at Lindsay the one day where it was a high difference 
would not impact upon the results as this was the last day of sampling and therefore 
those final inlet results are not used in the modelling.  Differences in the average Fe(III) 
concentrations are also low, except for on one occasion at Morlais where it was  5.1 
mg/L, which could affect the accuracy of the modelled Fe outlet concentrations. 
The difference between the inlet and outlet data loggers was minimal at 0.07 for the pH, 
0.14°C for the temperature and 1.1 mg/L for DO, which was taken into account in th e 
calculations and therefore should cause no mesaurable impacts upon the modelling. 
As sampling was only conducted once per day then outlet values were taken to the 
nearest corresponding day, i.e. a retention time on day one of 38 hours meant that the 
outlet values were taken from the day three sample, even though that packet of mine 
water had passed out six hours previously. 
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The wide ranges in outlet Fe predictions may be due to the variable hydraulics at 
differing flowrates, which can both lead to improvements in the flow or cause short 
circuiting. It may also be as mentioned previously, sampling only once per day. 
As the mine waters were only sampled for a period of 14 days during the winter the 
conditions may differ during warmer and wetter periods. Repeating the sampling 
procedure at time intervals of around three months would reduce this uncertainty.  
The actual volume of the settling lagoons is not known as ochre has built up over time, 
thereby reducing the volume of the settling lagoon. As this value is not known the 
original total volume is used in the calculations. 
 
Table 41 Maximum (and Average) Differences in Measured Values One Day to the Next 
Parameter Lindsay Morlais Taff Merthyr 
pH  0.26 (0.13) 0.10 (0.02) 0.38 (0.18) 
Temperature (°C) 1.7 (0.11) 0.2 (0.1) 0.6 (0.2) 
DO (mg/L) 6.98 (1.51) 1.45 (0.44) 2.79 (0.90) 
Flowrate (L/s) 5.4 (2.4) 43.4 (15.1) N/A 
Fe(II) (mg/L) 5.2 (0.8) 4.3 (1.7) 0.3 (0.2) 
Fe(III) (mg/L) 3.1 (1.8) 5.1 (2.4) 1.3 (0.6) 
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6.0 Discussion of Column Results 
6.1 Rate Limiting Factors 
Understanding how the rate limiting factors affect treatability of the mine water is 
especially important when it comes to increasing the Fe removal efficiency of the 
settling lagoon. For example if Fe(II) oxidation was the rate limiting factor the most 
effective alteration would be to increase the pH or add an oxidant, whereas if only the 
retention time was increased then little or no difference in the total Fe concentration at 
the outlet would be seen as it would have only converted the Fe(II) to Fe(III) with little 
further settling occurring. 
The rate limiting factors from the column studies are determined by the concentrations 
of Fe(II) and Fe(III) during, and especially at the end of the column experiment. For 
example the rate limiting factor at Glyncastle is oxidation as at 20 – 30 hours the 
concentration of Fe(II) is still around 5 mg/L, which means that there is insufficient 
time for the remaining Fe(III) produced after that to settle within the 48 hour time 
period. 
Rate limiting factors vary between the mine waters studied, with the majority of mine 
waters being limited by the rate of Fe(II) oxidation or Fe(III) settling, although Parys 
Mountain is rate limited by oxygen ingress. Parys Mountain and Site 3 also have s low 
rates of hydrolysis and therefore slow rates of Fe(III) removal. 
Glyncastle, Gwenffrwd, Tan-Y-Garn, Ynysarwed, Clough Foot and Sheephouse Wood are 
all limited by the rate of Fe(II) oxidation. This is limiting in these mine waters due to the 
moderately high initial Fe(II) concentration and the pH, which is low circumneutral or 
borderline acidic. This is in line with the findings by Younger et al (2002) that at below 
pH 6 the rate limiting factor is oxidation, however not all mine waters that are above pH 
6 and have initial Fe(II) concentrations >10 mg/L are oxidation rate limited. Clough 
Foot, Glyncastle and Sheephouse Wood conform to this rule, however Lindsay, Morlais 
and Vivian do not conform, although Clough Foot, Glyncastle and Sheephouse Wood are 
all above 16 mg/L, whereas Lindsay, Morlais and Vivian are all below 16 mg/L. This 
means that for a 48 hour retention time the difference between being an oxidation rate 
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limited mine water and a settling rate limited mine water is that an oxidation rate 
limited mine water has a pH <6, or initial Fe(II) concentration <16 mg/L. 
Glyncorrwg, Lindsay, Morlais, Taff Merthyr, Vivian and Site 2 are all limited by the rate 
of Fe(III) settling as the concentration of Fe(II) had dropped to near zero soon enough 
not to generate large amounts of Fe(III) late into the experiment. This means that the 
Fe(III) should have more time to settle in comparison to the columns where the rate 
limiting factor was Fe(II) oxidation. Also with Fe(III) settling as the rate limiting factor 
are Site 1 and Site 3, however due to their extremely high initial Fe(III) concentrations 
and low pH the output Fe(III) concentrations still remain high. 
Parys Mountain performs in a different way to all of the above mine waters as it has a 
moderately slow rate of oxidation, however this slows to a near halt as the 
concentration of DO in the mine water drops to zero. This would mean that the rate 
limiting factor would be oxygen transfer, however due to the extremely low pH the 
hydrolysis of Fe(III) is very slow to occur (Younger et al, 2002) and therefore flocs do 
not form, meaning Fe(III) settling is extremely slow, almost unnoticeable. Increased 
Fe(III) solubility also has an effect in removing the Fe(III) from solution. Overall Parys 
Mountain mine water has two rate limiting factors in its treatment, which are; settling 
and oxygen transfer. 
A design sizing formula must be able to take into account the oxidation and settling rate 
limiting factors as these are an important aspect of circumneutral ferruginous  mine 
water treatment in settling lagoons. 
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6.2 Oxidation, Settling and Removal Rates 
6.2.1 Oxidation, Settling and Removal Rates 
Fe(II) Oxidation Rates 
The Fe(II) oxidation rate constant k varies between the different circumneutral mine 
waters from 1.5 – 388.0 x1013 M-2/atm/min, with an average of 67.5 x1013 M-
2/atm/min, but no significant median value, as would be expected if it were a fixed rate 
constant, as had been suggested by other authors, e.g. Stumm and Lee, (1961) and 
Shenk and Webber (1968). The wide range of the oxidation rate constant k could be 
partially due to drift or calibration error with the pH probe, which has been found to 
differ up to 0.3 pH between the aerated and non-aerated data loggers over the 48 hours 
of the experiments, although it is more commonly around 0.1 pH difference. A pH drop 
of magnitude 0.3 at circumneutral pH can increase the value of k up to four times. 
Where the k values differ between the aerated and non-aerated columns they are less 
than four times the difference of one another, meaning they stay within this pH error 
tolerance. Exceptions to this include Lindsay, where the settling column results are a 
combination of two column tests conducted a year apart, where the oxidation rate 
constants k are individually within four times of each other.  
This difference in oxidation rate constant k for the same mine water sampled only one 
year apart shows that k is not fixed for the mine water but can vary along with the 
chemistry of the mine water, which in itself can change over time. Glyncorrwg has a 
substantial difference because the initial Fe(II) concentration was so low at 3 mg/L that 
the difference in pH appears not to have had an impact upon the rates of oxidation. The 
difference in oxidation rate constant k seen at Gwenffrwd is due to the low, almost 
acidic pH of the mine water, where the non-aerated column has an average pH of 4.95, 
which means it falls outside of the range where Equation 8 is applicable (Stumm and 
Lee, 1961) and where biotic activity may contribute to increasing the rate of oxidation 
(Kirby et al, 1999). 
Little overall correlation is seen between the oxidation rate constant k and the initial 
total Fe or the initial Fe(II) concentrations, however it does appear that most mine 
waters with initial Fe(II) concentrations <10 mg/L also have lower oxidation rate 
constants when compared to mine waters of initial Fe(II) concentration 10 – 20 mg/L. 
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The main data point that does not fit in at the low concentrations is the acidic mine 
water of the Gwenffrwd non-aerated column, which falls outside the pH range at which 
the equation by Stumm and Lee (1961) governs, therefore this data point can be 
excluded. There are two other data points that do not fit the trend at the low 
concentrations and one of these is the other Gwenffrwd mine water, which is bordering 
acidic. Overall it can be said that there appears to be a minor correlation between the 
initial Fe(II) concentration and the oxidation rate constant k at up to 22 mg/L.  
Also observed is the lower concentration of dissolved Fe than Fe(II), which could be 
either due to sampling error as two different analyses are used to measure dissolved Fe 
and Fe(II), or that the Fe(II) may be interacting with the Fe(III). This would therefore 
show that heterogeneous oxidation may be occurring, which in turn could explain the 
difference in the Fe(II) oxidation rate constant k between those measured in this thesis 
and those measured by other authors such as Stumm and Lee (1961). 
Rates of the pseudo first order oxidation rate constant k’ in circumneutral mine water 
varied from 0.15 – 14.83 d-1, with an average value of 2.39 d-1. This is expected as pH, 
DO and the initial Fe(II) concentration, which are the three main impacts upon the rate 
of Fe(II) oxidation, all differ between the mine waters and the columns, therefore k’ is 
not easily compared and better comparisons between the mine waters can be drawn 
using k instead. 
As analysis of bacteria, ochre and NOM were not undertaken their effects upon the rates 
of oxidation and oxidation rate constants in this thesis is unknown, however it is 
suspected that the elevated rates of oxidation experienced in the low pH mine waters 
are due to bacterial oxidation as this is the dominant oxidation process in this pH range  
(Kirby et al, 1999; Younger et al, 2002; Nordstrom, 2003). 
 
Fe(III) Settling Rates 
The Fe(III) settling rate constant k2 has a range of 0.5 – 4.8 d-1 in circumneutral mine 
water with an average of 1.5 d-1. Younger et al (2002) theorised that the rate of settling 
is proportional to the Fe concentration. This has been confirmed as there has been 
found to be a positive correlation between the initial Fe concentration and k2, which has 
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a high R² value. There are some mine waters which fall slightly outside o f the trend, 
however these do not greatly impact upon the trend. The reason behind why these mine 
waters do not adhere to the trend are investigated in the factors affecting the rate of 
settling section later in this chapter. 
Speciation of Fe to determine the concentration of Fe³+ and FeOH²+, which are known to 
decrease the rates of crystal growth (Grundl and Delwiche, 1993) and therefore the rate 
of settling was not undertaken and therefore it is not known to what extent these Fe 
species exist in the mine waters and therefore to what extent they effect the rates of 
crystal growth and overall Fe(III) settling. 
Flocculent settling is the dominant method of particulate settling within the 
circumneutral columns, which is shown by the elimination of discrete settling due to the 
Fe(III) particles being >0.2 μm, which is far larger that colloidal Fe(III), the elimination 
of zone and compression settling due to no increase in concentration being seen at 
lower sampling ports, or a complete reduction in concentration at higher sampling 
ports. This is similar to the results found by Hove et al (2007), except that the majority 
of their floc size at pH 6 – 8 were 0.8 – 2.0 μm, which would pass through a 0.2 μm filter, 
whereas in these column studies the floc sizes were >0.2 μm. The difference may be due 
to the study by Hove et al (2007) using a synthetic mine water and therefore not having 
many of the background variables such as calcium and magnesium present, which affect 
the zeta potential (Tipping and Cooke, 1982) and therefore the size and rate of the floc 
formation. 
Also observed is the lower concentration of dissolved Fe than Fe(II), which could be 
either due to sampling error as two different analyses are used to measure dissolved Fe 
and Fe(II), or that the Fe(II) may be interacting with the Fe(III). This would therefore 
show that heterogeneous oxidation may be occurring, which in turn could explain the 
difference in the Fe(II) oxidation rate constant k between those measured in this thesis 
and those measured by other authors such as Stumm and Lee (1961). 
Within the acidic mine waters flocculent settling is also the dominant method of particle 
settling as although a lower overall percentage of the Fe(III) is >0.2 μm, there is still a 
high proportion. An exception to this is Parys Mountain where little settling occurs and 
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no particulates are >0.2 μm in size and therefore no method of particle settling 
dominates. 
 
Total Fe Removal Rates 
Fe removal rates in circumneutral mine waters range from 0.025 – 1.019 mg/L/hr, with 
an average removal rate of 0.238 mg/L/hr. Similarly to the Fe(III) removal rate constant 
the Fe removal rate is related to the initial total Fe concentration, although with a lower 
R² value. The Fe removal rate has been theorised by some authors (Hedin and Nairn, 
1990) as a first order removal rate if DO concentration and pH are fixed. This appears to 
be the case for the mine waters studied in this thesis as high initial total Fe 
concentration mine waters have higher Fe removal rates, which decrease as the initial 
total Fe concentration decreases and almost halts as the initial Fe concentration nears 
zero. 
Differences in the site specific Fe removal rate between mine waters can be large and 
when plotted can cause the final total Fe concentration to be up to four times higher for 
a similar initial Fe concentration. The broadest spread of Fe removal rate values is 
around the 18 mg/L initial total Fe concentration mine waters, where for example 
Lindsay and Sheephouse Wood both have an initial total Fe concentration of 17 mg/L, 
however Lindsay has a Fe removal rate of double Sheephouse Wood at 0.37 mg/L/hr 
and 0.16 mg/L/hr respectively. This may be due to a lower rate of Fe(II) oxidation, 
leading to an overall lower rate of Fe removal, which is the case for Sheephous e Wood, 
whereas the Fe(II) at Lindsay is more rapidly oxidised due to the higher pH.  The 
aerated column for the Glyncastle mine water has a far higher Fe removal rate  at 0.39 
mg/L/hr than the non-aerated column at 0.27 mg/L/hr and therefore is also limited by 
the rate of Fe(II) oxidation due to the differences in DO concentration, even though they 
have identical initial total Fe concentrations. Subtle differences in pH, DO concentration, 
temperature, cations, ions, acidity, alkalinity, etc. can lead to the variation in the 
oxidation, settling and removal rates experienced in these mine waters. This shows that 
the use of a single total Fe removal rate based upon the initial total Fe concentration 
would incorrectly predict outlet Fe concentrations when modelled due to not taking 
into account the background chemistry of the mine water. 
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Fe removal rates for mine waters with a pH <3 are extremely low in most cases, 
especially when total Fe and Fe(II) concentration are taken into account. Site 1, Site 3 
and Parys Mountain all have Fe concentrations >100 mg/L and are not limited by the 
rate of Fe(II) oxidation, therefore settling and Fe removal rates should be rapid. 
Comparing these three sites to Ynysarwed, which has a relatively high pH of 5.6 and 
high initial Fe concentration of 70 mg/L it can be seen that the Fe removal rates are 
greatly different, in some cases over two orders of magnitude difference. This difference 
in rates of precipitation is due to a greatly slowed rate of Fe(III) hydrolysis that occurs 
at pH <3 (Younger et al, 2002) and Fe(III) solubility. Site 1 has the highest rate of 
settling due to having the higher pH of the three mine waters, therefore a higher rate of 
Fe(III) hydrolysis. 
The Fe removal rate is truly non-linear (as in Site 2, Vivian, Lindsay, Lindsay Repeat and 
Morlais), however three rate limiting aspects can cause the Fe removal rate to appear 
linear, which are: 
1. The mine waters are oxidation rate limited where the total Fe profile follows the 
linear Fe(II) oxidation profile (as in Ynysarwed, Clough Foot, Sheephouse Wood, 
Tan Y Garn, Gwenffrwd and Glyncastle). 
2. The mine waters have a low initial Fe concentration, therefore a low removal 
rate and linear profile due to the Fe(III) settling rate being proportional to the 
initial Fe(III) concentration (as in Taff Merthyr and Glyncorrwg) 
3. The mine waters are acidic and therefore hydrolysis and floc formation is 
substantially slowed (as in Parys Mountain, Site 1 and Site 3) 
 
Area-Adjusted Removal Rate 
The Fe removal rates for Lindsay, Morlais and Taff Merthyr for both the column and 
settling lagoon studies were converted into an area adjusted Fe removal rate in g/m²/d 
based upon the actual lagoon dimensions listed for the systems in the site descriptions.  
This produced average values of 6.9 g/m²/d for Lindsay, 4.6 g/m²/d for Morlais and 1.4 
g/m²/d for Taff Merthyr. These are well below the 10 – 20 g/m²/d for complete 
treatment systems that were measured by Hedin et al (1994).  
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Comparing these results to the circumneutral site data only from studies conducted by 
Hedin et al (1994) in Table 6 shows that this reduction in area adjusted removal rate is 
due to two main factors: The retention time of the treatment systems studied by Hedin 
et al (1994) are on average seven days, which is far longer than the one to two days that 
were measured in Lindsay, Morlais and Taff Merthyr, meaning that the Fe had far longer 
to oxidise and settle than at the settling lagoons studied in this thesis. The inlet total Fe 
concentrations were far higher at an average of 145 mg/L, which is around ten times 
higher than the settling lagoons studied in this thesis, meaning that there was the 
potential for higher concentrations of Fe to be removed, where the UK settling lagoons 
were limited to a maximum of around 15 mg/L. 
 
6.2.2 Comparison of Oxidation, Settling and Removal Rates to Literature 
This section aims to compare the measured rates of Fe(II) oxidation, Fe(III) settling and 
Fe removal to those found in the literature. 
Oxidation rate constants of k determined in this thesis are elevated compared to the 
values measured by Stumm and Lee (1961), Shenk and Webber (1968), Davison and 
Seed (1968), Millero (1985) and Llang et al (1993). This increase in the oxidation rate 
constant k may be caused by Fe(III) that is present in the mine water, which is usually 
present in the column at concentrations of around 5 mg/L, however it can peak in some 
mine waters at 15 mg/L. These concentrations are higher than those experienced in the 
studies by Stumm and Lee (1961), Shenk and Webber (1968), Davison and Seed (1968), 
Millero (1985) and Llang et al (1993), who used Fe(II) concentrations of <3 mg/L with 
no additional Fe(III).  
Glyncorrwg, Lindsay (Repeat) and Taff Merthyr have similar initial Fe(II) 
concentrations to these and also have similar Fe(II) oxidation rate constants, although 
the Fe(III) concentration at Lindsay (Repeat) is far higher, peaking at 10 mg/L. Directly 
comparing Lindsay and Lindsay (Repeat) shows that the main difference is the initial 
Fe(II) concentration, which is higher for Lindsay and corresponds to a higher oxidation 
rate constant k, even though the Fe(III) concentrations are also lower at Lindsay.  
Research by Geroni and Sapsford (2011) on the oxidation rate constant k for mine 
waters in South Wales has demonstrated a higher k, but also higher Fe(II) 
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concentrations. It was concluded in this study that the difference in these oxidation rate 
constants and those determined in Table 1 was due to heterogeneous oxidation, which 
caused higher concentrations of Fe(III). 
Bacterial oxidation may also play a part in increasing rates of oxidation, although at 
circumneutral pH abiotic oxidation dominates (Athay et al 2001, Nordstrom et al 2015) 
so this is unlikely. Many of the others authors in Table 1 are using synthetic Fe(II) 
solutions, therefore no copper, cobalt or manganese are present. This means that it is 
possible that the concentrations of copper, cobalt and manganese inherent in the 
naturally occurring mine waters are enhancing the rates of Fe(II) oxidation, as trace 
concentrations of these elements are known to increase the rate of Fe(II) oxidation by 
up to five times (Stumm and Lee, 1961).  
Overall it appears that the initial Fe(II) concentration may have a bearing upon the 
Fe(II) oxidation rate constant k and may be related to the initial Fe(II) concentration, 
however many other factors such as Fe(III) concentration, microbial activity and 
background elements also impact upon the rate constant, with the most influential in 
circumneutral mine waters being pH and to a lesser extent DO concentration. 
As the rates of Fe(II) oxidation and k’ are based upon pH and DO concentration (Stumm 
and Lee, 1961) then comparisons between the k’ values measured in this thesis with 
those of other authors may be misleading as they all have differing mine water 
chemistry. Comparing k’ values to those measured by Kusin (2011) in Table 3 from 
settling lagoons in the North of England and Scotland shows a large difference between 
the two, with k’ values in the lagoons being on average ten times higher than those 
measured in the column experiments. This large difference is most likely due to 
differences in the mine water chemistry as the rates of Fe(II) oxidation and k’ are based 
upon pH and DO concentration, therefore direct comparison of rates of Fe(II) oxidation 
measured in this thesis with those of other authors is not suitable as they all have 
differing mine water chemistry and therefore the results would be misleading. 
Values for the settling rate constant, k2 in circumneutral mine water are around 80% 
lower than those measured by Kusin (2011) of 2.5 – 8.8 d-1. Values of k2 measured on 
fully oxidized mine water with initial Fe(III) concentrations of 3.3 – 21.6 mg/L by 
Sapsford and Pugh (2010) were 0.2 – 6.5 d-1 and 12.0 d-1  for synthetic mine water with 
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a high initial Fe(III) concentration of 100.3 mg/L. of which the naturally occurring mine 
water is comparable to the k2 values in this thesis. 
Due to the wide variation of the Fe(III) settling rate constant k2 from 0.48 – 4.8 d-1 in 
circumneutral mine waters studied in this thesis it can be concluded that there is no 
universal Fe(III) settling rate constant and with such a wide range of k2 values statistical 
error is unlikely to have caused this variation. 
Clough Foot, Glyncastle, Lindsay and Sheephouse Wood all have similar settling rate 
constants k2, which should mean that the initial total Fe concentrations should be 
similar as it has been shown that the Fe(III) settling rate constant k2 is proportional to 
the initial total Fe concentration, as seen in Figure 149, however they are not and vary 
considerably from 17 mg/L at Lindsay and Sheephouse Wood to 22 mg/L at Glyncastle 
and 30 mg/L at Clough Foot. This demonstrates that factors other than initial total Fe 
concentration can impact upon the rate of settling constant k2. One of the factors that 
affects the rate of settling is the rate of Fe(III) formation, which is the rate of Fe(II) 
oxidation, another factor may be the variation in concentration of calcium and 
magnesium (Peiffer et al, 1999), with higher concentrations of calcium and magnesium 
increasing the rate of settling. 
In the mine waters with lower initial total Fe concentrations, those being Lindsay and 
Sheephouse Wood, there were higher concentrations of calcium and magnesium than at 
Glyncastle, which in turn had higher calcium and magnesium concentrations than 
Clough Foot. This is inversely proportional to the initial total Fe concentration showing 
that calcium and magnesium can have great impacts upon the Fe(III) settling rate 
constant k2. This correlation shows that no overall formula could be used to predict 
settling rates based upon initial Fe concentration, instead settling rates should be 
measured using a column test due to the variation in the chemistry of the mine waters.  
Similarly to k’ the rate of Fe removal is based upon the pH, DO concentration, 
temperature (Sutton et al, 2015) and initial total Fe concentration of the mine water and 
therefore it is difficult to compare between mine waters as all of these parameters vary. 
One study on Fe removal rates was conducted at Taff Merthyr , where the effect of 
temperature upon the Fe removal rate was examined. This study measured Fe removal 
rates of 0.061 – 0.083 mg/L/hr across the range of temperatures, with room 
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temperature samples having a range of 0.071 – 0.083 mg/L/hr. These room 
temperature Fe removal rates are comparable to those measured in this thesis of 0.077 
– 0.080 mg/L/hr, which were also conducted at room temperature. This shows that the 
column test and Fe removal rates derived from it can also be affected by temperature.  
Column studies conducted by Sapsford and Pugh (2010) on the settling rates of Fe(I II) 
at Taff Merthyr, Morlais, Vivian and Lindsay can be converted to being Fe removal rates 
as although no Fe(II) present in the mine water a linear Fe removal rate can still be 
generated. Similar rates of Fe removal are seen for Taff Merthyr and Morlais, however 
in the work by Sapsford and Pugh (2010) the Fe removal rate is far lower than 
measured in this thesis, which is thought to be due to the lower concentration of total Fe 
at 8 mg/L, compared to 18 mg/L in this thesis, where it has been shown that the  rate of 
Fe(III) settling is proportional to the initial total Fe concentration. Vivian has a 
substantially higher settling rate in the work by Sapsford and Pugh (2010) due to 
having a higher Fe concentration of 22 mg/L, compared to the column test of 14 mg/L. 
The synthetic mine water has the highest settling rate by far, but also has the highest 
initial Fe concentration of 100 mg/L. These results agree with other authors’ findings 
(Grundl and Delwiche, 1993; Diz et al, 1999) and theories (Younger et al, 2002) that the 
settling rate of Fe(III) is related to the initial Fe concentration. It is possible that as the 
Fe was fully oxidised to Fe(III) prior to the settling column tests and that the slowest 
stage of precipitation, which is the formation of nuclei, had already occurred, then 
crystal growth and settling, which are the more rapid steps in settling, could advance 
unhindered, therefore causing a misleading higher rate of settling in the work by 
Sapsford and Pugh (2010) (Grundl and Delwiche, 1993) compared to the settling 
columns in this thesis.  
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6.3 Factors Affecting the Rates of Oxidation, Settling and 
Removal 
This section aims to discuss the results and implications and draw conclusions from the 
measured rates of Fe(II) oxidation, Fe(III) settling and Fe removal for the multiple mine 
water discharges that were measured from around the world. 
 
6.3.1 Factors Affecting the Rate of Oxidation 
DO Concentration 
It is widely known that an increase in the concentration of DO in ferruginous 
circumneutral mine water increases the rate of Fe(II) oxidation. This is proven in this 
thesis by comparing the rate of oxidation k’ between the aerated and non -aerated 
columns, which shows that the rate of oxidation in the aerated column, on average over 
all the circumneutral mine waters is almost double that of the non-aerated column at 
3.2 d-1 and 1.7 d-1 respectively. This shows that aerating the column is extremely 
important in increasing the rate of Fe(II) oxidation because it not only increases the 
concentration of DO in the mine water, but can also increase the pH through expunging 
dissolved CO2 (Kirby et al, 2009). 
 
pH 
The variable that has the greatest impact upon the rate of Fe(II) oxidation of 
circumneutral mine water is the pH, as in the rate of Fe(II) oxidation equation by 
Stumm and Lee (1961) the concentration of OH- is to the power of two, where the other 
variables are only to the power of one.  
 
Ochre 
Ochre is known to increase the rate of Fe(II) oxidation by acting as a catalyst (Rentz et 
al, 2007; Barnes, 2008; Melton et al, 2014). The elevated k values compared to authors, 
excluding Sapsford and Geroni (2011), may be caused by Fe(III) that is present in the 
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mine water, although this is unlikely due to the high concentrations other authors, such 
as Barnes (2008) used for their experiments. It is unlikely because not only are 
concentrations as high as used by the other authors not present in the settling columns, 
but also as the concentration of Fe(III) increases the rate of Fe(II) oxidation decreases 
or remains constant, which would be the opposite to what would occur if Fe(III) had a 
large impact upon the rates of oxidation. 
 
Background Elements 
Background elements, such as copper, cobalt and manganese can increase the rate of 
Fe(II) oxidation by up to five times (Stumm and Lee, 1961). Copper does not appear to 
affect the rate of oxidation in the column studies as the circumneutral mine waters that 
it is present in are all oxidation rate limited. Cobalt also appears not to greatly impact 
upon the rate of oxidation, nor does manganese as the higher concentrations are found 
in mine waters which are oxidation rate limited. It may be that the concentrations are 
too low to have a great impact upon the rate of oxidation as concentrations >0.2 mg/L of 
copper are required to have an impact (Stumm and Lee, 1961). 
 
Bacterial Oxidation 
Bacterial oxidation can be an important contributor to the oxidation of Fe(II), especially 
in low pH mine water (Younger et al, 2002; Nordstrom, 2003), however in 
circumneutral mine water abiotic processes dominate and have the greatest impact 
upon the rate of Fe(II) oxidation (Kirby et al, 1999). 
Similarly to the autocatalysis the effects of bacteria upon the rate of Fe(II) oxidation are 
not able to be individually quantified. Comparing the Fe(II) concentration profiles to the 
profiles in the research by Campbell et al (2013) it is clear that none of the column 
Fe(II) profiles match. Instead of the slow initial rate of Fe(II) oxidation shown in the 
work by Campbell et al (2013), the columns Fe(II) profiles are either linear, or have a 
high initial rate of oxidation, which then decreases as the concentration of Fe(II) 
reaches towards zero. This appears to show that no autocatalysis or bacterial oxidation 
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is occurring, which is unlikely, instead it is more likely that the abiotic processes are 
dominant, especially at pH 6 – 7 (Athay et al, 2001; Nordstrom et al, 2015). 
The acidic mine waters of Site 1, Parys Mountain and Site 3 have far higher rates of 
oxidation that would be expected if only abiotic processes were occurring, with the 
rates of oxidation k’ measured at Site 1 and Site 3 being similar to those in 
circumneutral mine waters. The bacterial rates of oxidation measured by Kirby et al 
(1999) for the pH range of 2 – 3 are comparable to those at the pH range of 6 – 7, 
therefore this would explain why the rates of oxidation are similar between the acidic 
mine waters and the circumneutral mine waters. 
 
6.3.2 Factors Affecting the Rate of Settling 
Initial Fe Concentration 
The initial Fe concentration has been showed to be proportional to the rate of Fe(III) 
settling constant k2, with a high R² value. This is in line with the findings by Diz et al, 
(1999) and theories (Younger et al, 2002) that the settling rate of Fe(III) is related to the 
initial Fe concentration. There are a number of mine waters with similar k2 values of 
around 1.9 d-1 that have initial Fe concentrations in the range 15 – 35 mg/L and 
therefore if the settling rate constant k2 is proportional to the initial Fe concentration 
then the k2 values should be in the range 1.2 – 3.0 d-1, which they are not. 
 
Background Elements 
It is possible that in these mine waters the concentration of calcium and magnesium has 
been high enough to positively increase surface charge (zeta potential) (Tipping and 
Cooke, 1982; Amirbahman and Olson, 1995; Peiffer et al, 1999), therefore reducing the 
negative charge that is associated with the Fe(III) particles at circumneutral pH 
(Dempsey and Jeon, 2001) and bringing the zeta potential closer to zero wher e particles 
have a higher tendency to flocculate. This then increases the Fe(III) settling rate 
constant k2. As described earlier a number of mine waters with differing initial total Fe 
concentrations have the same k2 value due to the influence of calcium and magnesium.  
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Other factors, such as the concentration of fulvic acid, which is known to slow floc 
formation (Llang et al, 1993; Wilkinson et al, 1997), or the concentration of NOM may 
be causing the variation in the rate of settling (Pizzaro et al, 1995), both of which were 
not measured in the column studies. 
A further aspect of the background chemistry that may reduce the rates of Fe(III) 
settling is the high concentration of Al, which due to the pH being <4 at those sites, 
remains dissolved (Nordstrom et al, 2015). A study by Diz et al (1999) concluded that Al 
does not affect the rate of Fe(III) settling, although it was conducted at circumneutral 
pH. This leaves the possibility that in an acidic pH of 2.2 – 2.9, high Al concentrations of 
26 mg/L at Site 1, 85 mg/L at Site 3 and 68 mg/L at Parys Mountain may affect the rate 
of settling and therefore the rate of Fe removal. It appears that pH impacts upon the rate 
of Fe(III) settling more than the concentration of Al as Parys Mountain has a lower 
concentration of Al, but also a lower pH when compared to Site 3, which has a higher 
pH, but also a higher concentration of Al and a higher rate of settling than Parys 
Mountain. Site 1 has the highest pH of all three sites, but also the lowest Al 
concentration and lowest initial Fe concentration, but it has the highest rate of settling 
and Fe removal. This appears to show that pH has the greatest impact upon settling rate 
in an acidic mine water, but also Al may have an impact, however this is not easily 
quantifiable. One potential error is the accuracy of the pH meter as it was only 
calibrated using pH 4 and pH 7 buffers, which means that there may be an inaccuracy 
when measuring the low pH of these mine waters. It is possible that the pH meter has 
overestimated the pH and therefore the pH of these sites is lower, meaning that the 
Fe(III) may be fully or partially dissolved when it is formed, leading to the low Fe 
settling and Fe removal rates. Overall it appears that Al has little or no impact upon the 
Fe removal rate when compared to pH, DO and initial Fe concentration. 
 
pH 
A study on how pH affects the rate of settling of Fe(III) in mine water by Hove et al 
(2007) concluded that in mine waters of pH 6 – 10 that the pH had no direct influence 
upon the rate of Fe(III) settling. This appears to be the case for the circumneutral mine 
waters in the settling column experiments, as when the rate limiting factor is Fe(II) 
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oxidation there is little Fe(III) present within the water as it has rapidly settled. Site 2, 
Glyncorrwg and Taff Merthyr are circumneutral and do not have rapid (>0.17mg/L/hr) 
settling rates due to their low initial Fe concentration, which is caused by fewer 
interactions between the Fe(III) particulates to form the flocs that then settle. All of the 
other circumneutral mine waters have settling rates >0.17mg/L/hr. 
 
Settling Process 
According to the research conducted by Grundl and Delwiche (1993), high initial Fe(III) 
concentrations, such as those found at Site 1, Site 3 and Parys Mountain, which are 
supersaturated, should rapidly settle, however this does not occur. Examining the mine 
waters with pH <3 shows that they all have high initial concentrations of Fe, with Site 1 
having 127 mg/L, Site 3 having 203 mg/L and Parys Mountain having 540 mg/L. If their  
rates of Fe removal were to be calculated using the trend in Figure 154 they would be 
well over 2.000 mg/L/hr, however measured Fe removal rates were far lower at 0.330, 
0.061 and 0.006 mg/L/hr for Site 1, Site 3 and Parys Mountain respectively. These slow 
Fe removal rates are most likely due to the low pH slowing the rate of hydrolysis, 
therefore not allowing Fe(III) flocs to form (Younger et al, 2002) and at the lower pH the 
solubility of Fe(III) in the solution may also be impairing the settling of Fe(III) (Baes and 
Mesmer, 1976). At Site 3 only around 25% of the Fe is in dissolved form, whilst at Site 1 
this drops to <5%. This shows that at these two sites the Fe(III) is not in dissolved form, 
however it still does not settle as would be expected. 
 
Zeta Potential 
Zeta potential affects the charge on the colloids and therefore their ability to flocculate 
and settle (Barnes et al, 2009), with the charge being related to the pH of the solution 
(Dempsey and Jeon, 2001). Measurements of zeta potential at Lindsay, Morlais and Taff 
Merthyr were conducted during the monitoring of the settling lagoons and so are not 
directly related to the mine water used in the column studies, therefore the chemistry 
may have changed in the year between the column studies and the zeta potential 
measurements.  
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Average values over the two weeks show that Taff Merthyr had the lowest zeta 
potential, followed by Morlais and then Lindsay, which would mean that Taff Merthyr 
should have the highest k2 value as its zeta potential is nearest zero. This however is not 
the case as Taff Merthyr has the lowest k2 value, followed by Morlais and then Lindsay, 
which is the order of lowest initial Fe concentration to the highest. This shows that the 
initial Fe concentration is more important in the rate of Fe(III) settling than the zeta 
potential. 
The differences in zeta potential do however match the pH scale by Dempsey and Jeon 
(2001), with Taff Merthyr having the lowest pH and the lowest zeta potential, Morlais in 
the middle and Lindsay with the highest pH and highest zeta potential. They are 
however much closer to zero than would be expected using Figure 9, which would put 
them with a charge of around -15 mV, with Taff Merthyr having a charge half of that 
amount. This difference in zeta potential may be due to the presence of NOM (Pizzaro et 
al, 1995), however this cannot be confirmed as no measurements of NOM were made. 
 
6.3.3 Factors Affecting the Rate of Removal 
DO Concentration 
DO concentration in mine water can greatly impact upon the rate of Fe(II) oxidation 
(Stumm and Lee, 1961), as shown in Equation 8, and therefore the rate of Fe removal. 
This is demonstrated to be the case in the column studies as the Fe removal rate in 11 
out of 15 of the sites was greater in the aerated column than the non-aerated column, 
although in seven out of 11 of these sites it was only up to 15% higher. The increased Fe 
removal rate is what was expected from oxidation of the mine water as the Fe(II) 
oxidation rate increases with increased DO concentration, which causes the formation 
of the Fe(III) sooner and therefore the aerated columns can have higher concentrations 
of Fe settled before the non-aerated columns, leading to the higher Fe removal rate. 
Parys Mountain had an extremely slow Fe removal rate, with very little settling 
occurring. Its high initial Fe(II) concentration meant that the DO present in the mine 
water was rapidly used up until oxygen transfer into the column became the r ate 
limiting factor, which appeared not to impact upon the Fe removal rate. This slow Fe 
removal rate was most likely due to the low pH slowing the rate of hydrolysis, therefore 
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not allowing Fe(III) flocs to form (Younger et al, 2002) and the solubility of  Fe(III) at the 
low pH (Baes and Mesmer, 1976). This low pH is experienced at Site 3, however the 
concentration of Fe(II) was already low, and therefore oxygen transfer was not the rate 
limiting factor. In the case of low pH mine waters increasing the concentration of DO to 
improve the rate of Fe removal is not as important as increasing the pH. 
Overall aeration has a positive influence upon increasing the Fe removal rate for the 
majority of sites, excluding the low pH sites. This is most likely due to expunging any 
dissolved CO2 which in turn would increase the pH (Kirby et al, 2009) and also increase 
the concentration of DO, which would cause the Fe(II) to oxidise more rapidly (Stumm 
and Lee, 1961) and therefore form Fe(III) earlier in the process. This then allows more 
time for the Fe(III) to settle. 
 
Settling Lagoon Depth 
Increasing the depth of a settling lagoon is a good way of increasing the volume of a 
treatment system without increasing the area over which the settling lagoon is built, 
which would reduce the need to purchase extra land. 
Although the settling of the mine water has been shown to be flocculent and not zone 
settling there may still be a difference in total Fe concentration across the vertical plane. 
Analysis of the data has shown a clear, albeit minor trend at only +1.4% in Fe 
concentration at the lower sampling point and -1.8% at the higher sampling point, a 
total difference of 3.2%. This difference in Fe concentration is occurring within both the 
aerated and non-aerated columns, which only have a maximum difference of 0.2% 
initial total Fe concentration between one another. A few of the mine waters have 
increased concentrations higher within the column, though these usually also have 
higher concentrations lower within the column too. Studies by Pizzaro et al (1995) and 
Sapsford (2013) both found no relationship between the Fe removal rate and the depth 
within the column. This is in keeping with the fact that the Fe removal rate is 
proportional to the initial total Fe concentration, however the difference in 
concentrations at the varying depths is so minor it would not noticeably alter the Fe 
removal rates at the across the vertical plane. 
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The difference within the columns is not great enough to affect the overall results where 
the top, middle and bottom sample ports have been combined to form the average Fe 
concentrations within the column and therefore this averaging technique will be used to 
generate the data for the modelling. 
 
Initial Fe Concentrations 
The initial total Fe concentration is known to be directly proportional to the settling 
rate constant k2 in circumneutral mine waters, however it is also related to the Fe 
removal rate, although with a slightly lower R² value, which is in agreement with the 
suggestion by Hedin and Nairn (1990) that Fe removal rates are correlated with Fe 
concentration and the findings of higher Fe removal rates in higher concentration mine 
waters by Younger et al (2002). There are a number of outlying data points, which 
shows that each mine waters Fe removal rate should be assessed individually as no Fe 
removal rate could be accurately enough derived based solely upon the initial total Fe 
concentration.  
 
In summary The Fe removal rate is truly non-linear (as in Site 2, Vivian, Lindsay, 
Lindsay Repeat and Morlais), however three rate limiting aspects can cause the Fe 
removal rate to appear linear, which are: 
4. The mine waters are oxidation rate limited where the total Fe profile follows the 
linear Fe(II) oxidation profile (as in Ynysarwed, Clough Foot, Sheephouse Wood, 
Tan Y Garn, Gwenffrwd and Glyncastle). 
5. The mine waters have a low initial Fe concentration, therefore a low removal 
rate and linear profile due to the Fe(III) settling rate being proportional to the 
initial Fe(III) concentration (as in Taff Merthyr and Glyncorrwg) 
6. The mine waters are acidic and therefore hydrolysis and floc formation is 
substantially slowed (as in Parys Mountain, Site 1 and Site 3) 
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6.4 Modelling of Existing Settling Lagoon Formulae 
Modelling of the measured column Fe(II) and Fe(III) concentrations and comparison to 
the modelled column Fe(II) and Fe(III) concentrations using the formula developed by 
Sapsford (2013) for all of the circumneutral mine waters showed that this formula 
produces oxidation and settling profiles that match the profiles of the measured Fe(II) 
and Fe(III) in the columns after 48 hours. This is further explored in the modelling 
results and discussion sections in chapter 7 and 8.  
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7.0 Modelling Iron Oxidation, Settling and Removal 
The aim of this section is to provide the results and analysis needed to model theoretical 
removal rates and then compare them to measured removal rates experienced in 
settling lagoons. This is important as the results of the column tests need to be 
representative of the reactions that are occurring within the lagoon so that accurate 
modelling can be derived from the oxidation, settling and removal rates measured in the 
columns. If the rates measured in the column are not comparable to  the rates measured 
in the settling lagoons then accurate predictions of the outlet Fe concentrations cannot 
be formulated. 
Measured settling lagoon outlet concentrations for three lagoons in South Wales are 
compared to modelled outlet concentrations using formulae created by Hedin et al 
(1994) in Equation 22, Tarutis (1999) in Equation 25, PIRAMID (2003) in Equation 24, 
Parker (2003) in Equation 23, Sapsford (2013) in Equation 20, Kusin (2011) in 
Equation 21 and a novel formula developed in this thesis in Equation 38. 
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7.1 Modelling of Existing Settling Lagoon Formulae 
Given the input parameters of pH, temperature, DO concentration, lagoon volume and 
flowrate detailed in the previous section and using the formulae to model these values 
by Sapsford (2013) (referred to as plug-flow, this was created using Equation 20 and 
the data from the column studies), PIRAMID (2003), Parker (2003), Hedin et al (1994), 
Kusin (2011) and Tarutis (1999), the following outlet Fe concentrations were predicted 
for Lindsay in Table 100, Morlais in Table 101 and Taff Merthyr in Table 102 in the 
Appendix. 
Values underlined in the tables have been changed to 0 mg/L as when modelled they 
were less than 0 mg/L, which is not possible and therefore indicates that the predicted 
concentration would be 0 mg/L. The values that have been crossed through are the 
discarded results due to pipe cleaning and lagoon bypass at Lindsay during the 
sampling work and are not included in the overall analysis. 
Normalising the modelled outlet concentrations to the measured outlet concentrations 
in Table 43, Table 44 and Table 45 shows that there is a wide range for all of the 
normalised outlet concentrations, with no one formula showing a greater accuracy of 
prediction than any other across the three settling lagoons. One issue that arises when 
normalising data is that when dealing with low concentrations a small change in 
concentration, which in real world operations would have little impact upon the 
operational effectiveness of the reed beds, could cause a large difference in the 
normalised data.  
The example in Table 42 compares predicted total Fe outlet concentrations from a 
settling lagoon to two different modelling techniques at three sites, which have low, 
moderate and high total Fe outlet concentrations, which are then normalised to the 
measured total Fe outlet concentration. All of the model one total Fe outlet 
concentrations are over-predicted by 0.2 mg/L, whilst model two over-predicts by 0.8 
mg/L, both concentrations of which would have little additional impact upon the reed 
beds. It shows that when normalised, site A, the lowest concentration site, has a  much 
higher error associated with the predicted outlet concentration of model two at 40% 
difference to the measured concentration than of model one at 10%. This error then 
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reduces as the outlet concentration increases until it reaches only 8% for model two at 
site C, which gives the illusion that the accuracy has greatly increased, where it has 
actually remained the same, only the target outlet concentration has increased, 
therefore giving the illusion of increased accuracy. 
When analysing the modelling data this effect will be taken into account and is 
especially important when dealing with the low outlet Fe(II) concentrations and total Fe 
outlet concentrations at Taff Merthyr. 
 
Table 42 Example of Settling Lagoon Outlet Concentration and Normalisation 
Site Measured 
Outlet Fe 
Concentration 
(mg/L) 
Model One 
Predicted 
Outlet Fe 
Concentration 
(mg/L) 
Model Two 
Predicted 
Outlet Fe 
Concentration 
(mg/L) 
Measured 
Outlet Fe 
Concentration 
Normalised 
(%) 
Model One 
Predicted 
Outlet Fe 
Concentration 
Normalised 
(%) 
Model Two 
Predicted 
Outlet Fe 
Concentration 
Normalised 
(%) 
Site A 2.0 2.2 2.8 100 110 140 
Site B 5.0 5.2 5.8 100 104 116 
Site C 10.0 10.2 10.8 100 102 108 
 
Table 43 Lindsay Normalised Settling Lagoon Total Fe Out 
Date 
(2015) 
Plug-
Flow (%) 
Kusin 
(%) 
Hedin 
(%) 
Parker 
(%) 
PIRAMID 
(%) 
Tarutis 
(%) 
23/11 36.3 62.6 19.8 50.5 0.0 158.8 
24/11 38.8 61.1 14.4 61.1 0.0 145.5 
25/11 31.7 52.7 11.9 47.0 0.0 131.3 
26/11 32.6 54.6 0.0 47.8 0.0 136.7 
27/11 47.3 73.2 38.8 75.9 5.8 172.5 
28/11 54.0 81.7 43.3 88.2 14.4 189.8 
29/11 69.2 98.1 103.7 115.5 41.9 215.6 
30/11 55.1 71.3 64.3 90.2 51.3 142.3 
01/12 N/A N/A N/A N/A N/A N/A 
02/12 N/A N/A N/A N/A N/A N/A 
03/12 N/A N/A N/A N/A N/A N/A 
04/12 65.8 89.7 90.3 109.5 50.2 189.6 
05/12 52.0 72.0 53.4 86.3 36.2 154.2 
Average 48.3 71.7 44.0 77.2 20.0 163.6 
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Table 44 Morlais Normalised Settling Lagoon Total Fe Out 
Date 
(2015) 
Plug-
Flow (%) 
Kusin 
(%) 
Hedin 
(%) 
Parker 
(%) 
PIRAMID 
(%) 
Tarutis 
(%) 
23/11 
34.7 
47.4 
63.7 
57.8 47.3 106.1 
24/11 27.7 45.9 57.3 41.4 23.9 123.0 
25/11 23.7 34.7 25.9 39.1 29.6 83.3 
26/11 32.7 43.5 48.2 54.2 45.3 94.7 
27/11 24.6 35.9 42.5 40.7 30.9 86.1 
28/11 37.4 54.0 64.9 62.2 47.9 128.2 
29/11 36.6 49.3 62.5 60.9 50.5 108.8 
30/11 36.8 49.7 64.2 61.3 16.6 109.9 
01/12 46.3 62.4 97.7 77.1 63.9 137.6 
02/12 51.8 68.7 103.0 85.8 72.0 149.1 
03/12 36.1 49.2 60.3 60.1 49.3 109.7 
04/12 41.9 57.3 69.3 69.9 57.0 128.7 
05/12 52.0 66.5 82.7 85.1 73.6 137.7 
Average 37.1 51.1 64.8 61.2 46.7 115.6 
 
Table 45 Taff Merthyr Normalised Settling Lagoon Total Fe Out 
Date 
(2015) 
Plug-
Flow (%) 
Kusin 
(%) 
Hedin 
(%) 
Parker 
(%) 
PIRAMID 
(%) 
Tarutis 
(%) 
23/11 N/A N/A N/A N/A N/A N/A 
24/11 
92.9 
94.0 
9.1 
86.2 69.9 100.6 
25/11 75.8 76.7 0.0 70.2 56.9 81.8 
26/11 93.0 94.1 17.5 86.8 70.4 101.3 
27/11 83.3 84.3 10.7 77.8 63.1 90.8 
28/11 105.1 106.5 27.3 98.7 80.0 115.1 
29/11 80.1 81.1 12.9 75.4 61.1 88.0 
30/11 76.9 77.9 14.8 72.9 59.1 85.1 
01/12 92.0 93.2 29.2 86.4 70.0 100.8 
02/12 107.9 109.3 31.0 101.5 82.3 118.4 
03/12 94.4 95.3 2.7 86.9 70.5 101.4 
04/12 118.4 119.9 19.7 110.9 89.9 129.3 
05/12 80.8 81.9 0.0 76.6 62.1 89.3 
Average 91.7 92.8 14.6 85.9 69.6 100.2 
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7.2 Development of a New Settling Lagoon Formula 
As has been previously shown the formulae used by Sapsford (2013) to calculate Fe(II), 
Fe(III) and total Fe concentrations with time can accurately model the concentration 
oxidation and settling profiles in a settling column, however there are a number of 
differences between a settling column and a settling lagoon. To encompass these 
differences into the modelling Equation 4 used to calculate the actual residence time in 
a settling lagoon in Equation 5 will be substituted into Equation 20 in place of the plug 
flow residence time, thus forming Equation 38. 
The only modification in this formula is the alteration of the residence time from plug 
flow to actual residence time, which is based upon the width to length ratio of the 
settling lagoon. 
 
[𝐹𝑒]𝑡 = [𝐹𝑒(𝐼𝐼)]𝑡 + [𝐹𝑒(𝐼𝐼𝐼)]𝑡 
[𝐹𝑒]𝑡 = ([𝐹𝑒(𝐼𝐼)]0𝑒
−𝑘′𝑡𝑟 ) +
𝑘 ′[𝐹𝑒(𝐼𝐼)]0(𝑒
−𝑘′𝑡𝑟 − 𝑒−𝑘2𝑡𝑟 )
(𝑘2 − 𝑘
′)
+ ([𝐹𝑒(𝐼𝐼𝐼)]0𝑒
−𝑘2𝑡𝑟 ) 
𝑡𝑟 = 𝑡𝑝𝑓0.84 [1 − 𝑒
(−0.59(
𝐿
𝑊
))
] 
Where: 
Fe(II)t  Fe(II) concentration at time (mg/L) 
Fe(III)t Fe(III) concentration at time (mg/L) 
Fe(II)0  Initial Fe(II) concentration (mg/L) 
Fe(III)0 Initial Fe(III) concentration (mg/L) 
k'  Pseudo first order rate constant for Fe(II) oxidation (d-1) 
k2  Rate constant for Fe(III) settling (d-1) 
tr  Actual residence time (d)  
tpf  Plug flow residence time (d) 
L  Lagoon length (m) 
W  Lagoon width (m) 
Equation 38 Modified Settling Lagoon Fe Outlet Prediction Formula 
 
The values for the settling lagoons with which to multiply the plug flow residence time 
are 0.49 for Lindsay, 0.77 for Morlais and 0.83 for Taff Merthyr. This means that the 
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effective lagoon volumes are 49% for Lindsay, 77% for Morlais and 83% for Taff 
Merthyr. The effective lagoon volume for Morlais is actually far lower than this due to 
the non-rectangular shape of the lagoon, its sloping sides and its narrow inlet, centre 
and outlet. Short-circuiting can be visually seen where a channel of clear water headed 
straight into the centre of the first lagoon, showing minimal mixing with the orange 
coloured water surrounding it. The effective lagoon volume was calculated to be 27% 
for Morlais, which was calculated by adjusting the effective lagoon volume until the 
normalised Fe outlet concentration was nearest to 100%. The value of 27% effective 
lagoon volume is realistic as the worst performing lagoon examined by Aube et al 
(2012) had an effective lagoon volume of 33%. However, there have been settling 
lagoons studied which have lower effective lagoons volumes of only 14% (Dong-kil, 
2016). In the modelling an effective lagoon volume of 77% is used to calculate the outlet 
Fe concentrations for Morlais. 
Modelling the settling lagoons using Equation 38 produced the results in Table 46,  
 
Figure 155 Modelled and Measured Fe(II) Outlet Settling Lagoon Concentrations at Lindsay. White 
is Measured, Black is Plug-Flow, Red is Kusin (2011) and Blue is the New Formula 
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Figure 156 Modelled and Measured Fe(III) Outlet Settling Lagoon Concentrations at Lindsay. 
White is Measured, Black is Plug-Flow, Red is Kusin (2011) and Blue is the New Formula 
 
Table 47 and Table 48, with all the data surmised in Table 49, which show a much 
higher accuracy and lower range for the design criteria proposed in this thesis, than for 
the other formulae it is compared to. The only exception to this is Morlais due to th e 
severe short-circuiting that is occurring, therefore the predicted outlet concentrations 
are far lower than the measured outlet concentrations. 
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Table 46 Lindsay Modelled Outlet Fe Concentrations 
Date 
(2015) 
Fe(II) 
Concentration 
(mg/) 
Total Fe 
Concentration 
(mg/L) 
Fe(III) 
Concentration 
(mg/L) 
Normalised 
Settling Lagoon 
Total Fe 
23/11 
0.00 
5.74 5.74 
93.7 
24/11 0.00 5.55 5.55 90.7 
25/11 0.00 5.54 5.54 78.7 
26/11 0.00 4.59 4.59 81.6 
27/11 0.00 6.10 6.10 108.4 
28/11 0.00 6.07 6.07 120.6 
29/11 0.00 7.71 7.71 143.1 
30/11 0.00 7.19 7.19 101.2 
01/12 N/A N/A N/A N/A 
02/12 N/A N/A N/A N/A 
03/12 N/A N/A N/A N/A 
04/12 0.00 7.59 7.59 129.6 
05/12 0.00 6.64 6.64 104.5 
Average N/A N/A N/A 105.2 
 
 
Figure 155 Modelled and Measured Fe(II) Outlet Settling Lagoon Concentrations at Lindsay. White 
is Measured, Black is Plug-Flow, Red is Kusin (2011) and Blue is the New Formula 
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Figure 156 Modelled and Measured Fe(III) Outlet Settling Lagoon Concentrations at Lindsay. 
White is Measured, Black is Plug-Flow, Red is Kusin (2011) and Blue is the New Formula 
 
Table 47 Morlais Modelled Outlet Fe Concentrations 
Date 
(2015) 
Fe(II) 
Concentration 
(mg/) 
Total Fe 
Concentration 
(mg/L) 
Fe(III) 
Concentration 
(mg/L) 
Normalised 
Settling Lagoon 
Total Fe 
23/11 
0.00 
5.16 5.16 
47.2 
24/11 0.00 3.87 3.87 41.7 
25/11 0.00 3.49 3.49 33.5 
26/11 0.00 4.54 4.54 43.7 
27/11 0.00 4.30 4.30 34.7 
28/11 0.00 4.39 4.39 52.4 
29/11 0.00 4.98 4.98 49.4 
30/11 0.00 5.04 5.04 49.7 
01/12 0.00 6.27 6.27 62.4 
02/12 0.00 6.09 6.09 69.2 
03/12 0.00 4.78 4.78 49.0 
04/12 0.00 4.69 4.69 57.0 
05/12 0.00 5.26 5.26 68.0 
Average N/A N/A N/A 50.6 
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Figure 157 Modelled and Measured Fe(II) Outlet Settling Lagoon Concentrations at Morlais. White 
is Measured, Black is Plug-Flow, Red is Kusin (2011) and Blue is the New Formula 
 
 
Figure 158 Modelled and Measured Fe(III) Outlet Settling Lagoon Concentrations at Morlais. White 
is Measured, Black is Plug-Flow, Red is Kusin (2011) and Blue is the New Formula 
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Table 48 Taff Merthyr Modelled Outlet Fe Concentrations 
Date 
(2015) 
Fe(II) 
Concentration 
(mg/) 
Total Fe 
Concentration 
(mg/L) 
Fe(III) 
Concentration 
(mg/L) 
Normalised 
Settling Lagoon 
Total Fe 
23/11 N/A N/A N/A N/A 
24/11 
0.01 
4.14 4.13 
96.7 
25/11 0.01 3.58 3.58 78.9 
26/11 0.00 4.47 4.46 96.8 
27/11 0.00 4.22 4.22 86.7 
28/11 0.00 4.76 4.76 109.4 
29/11 0.00 4.31 4.31 83.4 
30/11 0.00 4.41 4.41 80.1 
01/12 0.00 5.05 5.05 95.8 
02/12 0.00 4.88 4.88 112.3 
03/12 0.03 3.93 3.90 98.2 
04/12 0.00 4.36 4.36 123.2 
05/12 0.00 2.97 2.97 84.1 
Average N/A N/A N/A 95.5 
 
 
Figure 159 Modelled and Measured Fe(III) Outlet Settling Lagoon Concentrations at Taff Merthyr. 
White is Measured, Black is Plug-Flow, Red is Kusin (2011) and Blue is the New Formula 
 
Chapter Seven – Modelling 
224 
 
 
Figure 160 Modelled and Measured Fe(III) Outlet Settling Lagoon Concentrations at Taff Mert hyr. 
White is Measured, Black is Plug-Flow, Red is Kusin (2011) and Blue is the New Formula 
 
Table 49 Design criteria outlet prediction concentrations normalized to measured outlet 
concentration of 100%. Averaged over the 14 day sampling period with brackets indicating the 
range. 
Design Criteria Lindsay (%) Morlais (%) Taff Merthyr (%) 
PIRAMID (2003) 20 (0 – 51) 47 (17 – 74) 70 (59 – 90) 
Parker (2003) 77 (47 – 116) 61 (39 – 86) 86 (70 – 111) 
Hedin et al (1994) 44 (0 – 104) 65 (26 – 103) 15 (0 – 31) 
Tarutis (1999) 164 (131 – 216) 116 (83 – 149) 100 (82 – 130) 
Kusin (2011) 72 (53 – 98) 51 (35 – 69) 93 (77 – 120) 
Plug-Flow 48 (32 – 69) 37 (23 – 52) 92 (76 – 118) 
This thesis 105 (79 – 143) 51 (34 – 69) 96 (78 – 123) 
 
 
The Fe removal rate was shown to be related to the initial Fe concentration, therefore 
outlet Fe concentrations were calculated using Equation 39 and are shown in Table 50. 
The Fe removal rates used are; 0.0105 multiplied by the initial total Fe concentration 
for the overall trend, and for the fixed Fe removal rates measured for each individual 
mine water using a settling column; 0.318 mg/L/hr for Lindsay, 0.229 mg/L/hr for 
Morlais and 0.074 mg/L/hr for Taff Merthyr. 
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𝐹𝑒𝑜𝑢𝑡 = 𝐹𝑒𝑖𝑛 − (𝐹𝑒𝑖𝑛𝑘3𝑡𝑛) 
Where: 
Fe Concentration of Fe (mg/L) 
k3 Fe removal rate constant (mg/L/hr) 
tn Nominal retention time (hours) 
Equation 39 Calculation of Outlet Fe Concentration Using the Fe Removal Rate 
 
 
Table 50 Normalised Settling Lagoon Total Fe Out Using Fe Removal Rate 
Date 
(2015) 
Lindsay 
Overall 
(%) 
Morlais 
Overall 
(%) 
Taff 
Merthyr 
Overall 
(%) 
Lindsay 
Fixed 
(%) 
Morlais 
Fixed (%) 
Taff 
Merthyr 
Fixed 
(%) 
23/11 140.7 94.6 N/A 37.6 75.6 N/A 
24/11 132.3 102.6 
100.5 
30.4 76.0 
94.3 
25/11 117.5 72.6 81.7 26.7 40.0 74.1 
26/11 122.2 85.2 101.1 0.0 60.2 96.5 
27/11 157.6 75.1 90.6 55.7 54.3 85.5 
28/11 174.4 112.3 114.9 61.6 82.0 111.1 
29/11 201.3 97.5 87.9 119.1 75.1 83.4 
30/11 135.6 98.5 85.0 74.1 76.7 81.1 
01/12 N/A 123.4 100.7 N/A 110.4 98.3 
02/12 N/A 134.3 118.2 N/A 117.0 114.9 
03/12 N/A 98.0 101.3 N/A 73.6 93.8 
04/12 178.6 114.8 129.2 103.6 85.2 122.7 
05/12 144.8 125.5 89.2 66.0 97.3 77.1 
Average 150.5 102.6 100.0 57.5 78.7 94.4 
 
The settling rate constant k2 was shown to be proportional to the initial total Fe 
concentration and yields the rate constant k4 of 0.0698 L/mg/d, shown in Equation 40. 
Replacing the fixed rate constants of k2 in Equation 38, with these variable rate 
constants based upon the initial total Fe concentration produced the results shown in 
Table 51. An intercept of 0 on the y-axis was used as the actual intercept was 0.46 when 
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the total Fe concentration was at 0 mg/L, which is not possible as no settling would 
occur at this concentration. This slightly increased the constant k4. 
These results show that the accuracy of the settling lagoon outlet Fe concentrations are 
more accurate using the fixed settling rate constants k2 that were measured using a 
settling column. 
 
𝑘2 = 𝑘4𝐹𝑒𝑖𝑛 
Where: 
Fein  Initial Fe concentration (mg/L) 
k2  Fe(III) settling rate constant (d-1) 
k4  Initial Fe concentration constant, 0.0698 (L/mg/d) 
Equation 40 Calculation of Settling Rate Constant k2 
 
Table 51 Normalised Settling Lagoon Fe and Fe(III) Out for Variable k 2 
Mine Water Fe Out 
Variable k2 
(%) 
Fe(III) Out 
Variable k2 
(%) 
Fe Out 
Fixed k2 
(%) 
Fe(III) 
Out Fixed 
k2 (%) 
Lindsay 124.2 125.7 105.2 106.5 
Morlais 61.7 65.4 50.6 53.5 
Taff Merthyr 99.9 122.7 95.5 117.3 
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7.3 Effective Lagoon Volume 
Effective lagoon volume has been shown to be an important aspect of accurate 
prediction of outlet Fe concentrations from settling lagoons, therefore it has been 
incorporated into the other design sizing criteria, either by altering the lagoon volume 
to the effective lagoon volume, or the nominal residence time to the actual residence 
time. This produced the results as shown in Table 52 for Lindsay, Table 53 for Morlais 
and Table 54 for Taff Merthyr. The Fe removal rate used in the effective lagoon volume 
calculations is the overall Fe removal rate calculated by using multiplying the initial 
total Fe concentration by 0.0105. 
This has increased the accuracy of the PIRAMID (2003), Hedin et al (1994) and Kusin 
(2011) design sizing criteria, but decreased the accuracy of Parker (2003) and Tarutis 
(1999). The Fe removal rate also showed a lowering accuracy when using the effective 
lagoon volume. 
 
Table 52 Lindsay Normalised Settling Lagoon Total Fe Out Using Effective Volume 
Date 
(2015) 
Fe 
Removal 
Rate (%) 
Kusin 
(%) 
Hedin 
(%) 
Parker 
(%) 
PIRAMID 
(%) 
Tarutis 
(%) 
23/11 
186.7 110.1 127.5 142.5 0.0 
192.2 
24/11 168.7 103.5 110.9 133.8 103.8 172.7 
25/11 153.5 91.4 101.7 118.9 0.0 157.7 
26/11 160.1 95.0 0.0 123.7 0.0 164.5 
27/11 199.3 123.0 141.1 159.3 124.9 203.9 
28/11 218.3 135.9 154.1 176.1 139.9 223.1 
29/11 245.1 158.0 197.2 203.0 167.0 249.5 
30/11 158.8 108.8 123.8 136.5 117.5 160.9 
01/12 N/A N/A N/A N/A N/A N/A 
02/12 N/A N/A N/A N/A N/A N/A 
03/12 N/A N/A N/A N/A N/A N/A 
04/12 213.9 141.4 170.6 180.0 151.0 217.3 
05/12 174.6 114.6 129.8 145.9 121.4 177.5 
Average 187.9 118.2 125.7 152.0 92.5 191.9 
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Table 53 Morlais Normalised Settling Lagoon Total Fe Out Using Effective Volume 
Date 
(2015) 
Fe 
Removal 
Rate (%) 
Kusin 
(%) 
Hedin 
(%) 
Parker 
(%) 
PIRAMID 
(%) 
Tarutis 
(%) 
23/11 
103.1 57.5 111.2 74.7 
106.2 
123.3 
24/11 116.7 57.8 131.9 69.5 121.8 150.3 
25/11 80.3 42.8 82.0 54.5 83.1 98.6 
26/11 92.3 52.5 95.8 68.5 94.9 109.3 
27/11 83.1 44.2 89.5 56.6 86.0 101.9 
28/11 123.8 66.3 133.1 85.2 128.0 151.3 
29/11 105.9 59.6 112.6 77.8 109.0 125.9 
30/11 107.0 60.1 114.2 78.4 110.1 127.3 
01/12 134.0 75.4 148.0 98.4 137.9 159.3 
02/12 145.4 82.8 158.8 108.1 149.5 171.9 
03/12 106.7 59.6 113.2 77.5 109.9 127.5 
04/12 125.1 69.5 132.6 90.5 128.9 149.7 
05/12 134.8 79.3 141.0 103.7 138.3 156.9 
Average 112.2 62.1 120.3 80.3 115.7 134.9 
 
Table 54 Taff Merthyr Normalised Settling Lagoon Total Fe Out Using Effective Volume  
Date 
(2015) 
Fe 
Removal 
Rate (%) 
Kusin 
(%) 
Hedin 
(%) 
Parker 
(%) 
PIRAMID 
(%) 
Tarutis 
(%) 
24/11 
102.9 97.4 27.0 
91.1 77.5 102.9 
25/11 83.7 79.5 0.0 74.1 63.1 83.7 
26/11 103.6 97.6 34.1 91.7 78.0 103.5 
27/11 92.8 87.4 26.5 82.2 69.9 92.8 
28/11 117.7 110.4 45.0 104.2 88.7 117.7 
29/11 90.0 84.1 27.8 79.7 67.8 90.0 
30/11 87.0 80.8 28.8 77.0 65.6 87.0 
01/12 103.1 96.6 43.7 91.2 77.7 103.1 
02/12 121.1 113.3 48.7 107.2 91.2 121.1 
03/12 103.7 98.8 21.9 91.8 78.2 103.7 
04/12 132.3 124.3 41.4 117.1 99.7 132.3 
05/12 91.3 84.9 0.0 80.9 68.8 91.3 
Average 102.4 96.2 28.7 90.7 77.2 102.4 
Chapter Seven – Modelling 
229 
 
7.4 Limitations and Potential Error from Lagoon Modelling 
As previously discussed in the limitations and potential error from the column studies 
the Fe(II) oxidation rate k and Fe(III) settling rate k2 can change over time in the same 
mine water. Inputting the two different values for k and k2 into the modelling at Lindsay 
using the newly developed formula produced the results in Figure 161 when k was 
altered and Figure 162 when k2 was altered. 
The initial conditions were kept identical, with only k and k2 being varied. The initial 
conditions were; total Fe 15 mg/L, Fe(II) 10 mg/L, Fe(III) 5 mg/L, pH 6,6, temperature 
18°C, DO 5 mg/L and 48 hours duration. The settling rate constant was fixed at 1.68 d -1, 
with k being varied from 3.6x1013 M-2/atm/min (shown in red) to 1.2x1014 M-
2/atm/min (shown in blue) in Figure 161. The oxidation rate constant was fixed at 
3.6x1013 M-2/atm/min, with k2 being varied from 1.68 d-1 (shown in red) to 1.20 d-1 
(shown in blue) in Figure 162. 
Altering the value of k has shown that at 10 hours there is a large difference in the Fe(II) 
concentration of 4 mg/L, however this difference rapidly decreases with little difference 
seen at 48 hours. The Fe(III) concentration shows a difference of 3 mg/L at 10 hours, 
which then quickly aligns to a similar concentrations between the columns. Total Fe 
concentration shows little difference throughout the duration of the modelling, with the 
maximum difference being 2 mg/L, which reduces to 1 mg/L by the end of the 48 hours.  
Altering the value of k2 has no impact upon the Fe(II) concentration, however after 
around 20 hours the difference in Fe(III) concentration is 2 mg/L, where it remains for 
the duration of the modelling. Total Fe is similar to the previous graph where the 
maximum difference is around 2 mg/L, which at the concentrations studied is not of 
great significance, especially considering an increase of 2 mg/L total Fe would have 
little impact upon the reed beds apart from a minor increase in the Fe burden. 
Overall a change in k and k2 of the magnitude seen between Lindsay and Lindsay repeat 
appears to have little impact upon the total Fe concentration with time. As Lindsay is a 
settling rate limited mine water the impact from a change in k may be greater in 
oxidation rate limited mine waters. 
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Figure 161 Differences in Modelled Fe Outlet Concentration for Lindsay Settling Lagoon Using Two 
Different k Values, with Red Indicating the Lower and Blue the Higher k Values. Triangles indicate 
Fe(III), Squares Fe(II) and Circles Total Fe 
 
 
Figure 162 Differences in Modelled Fe Outlet Concentration for Lindsay Settling Lagoon Using Two 
Different k2 Values, with Red Indicating the Higher and Blue the Lower k2 Values. Triangles 
indicate Fe(III), Squares Fe(II) and Circles Total Fe 
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7.5 Performance Assessment of Existing Systems 
Treatment efficiency of Fe removal from settling lagoons can be measured using total 
system efficiency, as in Equation 26, however this does not take into account the fact 
that only a fixed amount of Fe can be removed in the time available based upon the 
rates of Fe(II) oxidation and Fe(III) settling and the hydraulics of the lagoon, as has been 
demonstrated using Equation 38. 
It is well known that pH and DO concentration both affect the rate of Fe(II) oxidation 
and that flowrate is directly related to the nominal residence time, therefore if any of 
these variables change then the outlet concentrations will also vary, meaning that the 
treatment efficiencies calculated using Equation 26 will be misleading if used on their 
own. 
It is therefore suggested that a new method of determining the treatment efficiency of a 
lagoon using Equation 41 is used, which takes into account the variable chemistry and 
hydraulics. This would be calculated using the rate constants k and k2 of Fe(II) oxidation 
and Fe(III) settling determined by column studies and plug flow (nominal residence 
time) through the lagoon, along with the current pH, DO and temperature using 
Equation 20. Lagoon efficiency in Equation 41 would be used alongside k’ and k2 to fully 
understand what the reduction in efficiency is caused by, whether it be due to poor 
lagoon hydraulics or slow rates of Fe(II) oxidation and Fe(III) settling.  
 
𝜂 =
[1−(
𝐹𝑒𝑜𝑢𝑡𝑀
𝐹𝑒𝑖𝑛
)]
[1−(
𝐹𝑒𝑜𝑢𝑡𝑃𝐹
𝐹𝑒𝑖𝑛
)]
100  
Where: 
Feout M  Measured total Fe outlet concentration (mg/L) 
Feout PF Theoretical total Fe outlet concentration (mg/L) 
Fein  Measured total Fe inlet concentration (mg/L) 
η  Efficiency (%) 
Equation 41 Settling Lagoon Efficiency Based Upon Measured Oxidation and Settling Rates 
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Applying these formulae to the settling lagoons studied over the duration of the two 
weeks, this produces an average lagoon efficiency for Lindsay of 70%, for Morlais of 
40% and for Taff Merthyr of 59%. The total system efficiencies are 54% for Lindsay, 
29% for Morlais and 14% for Taff Merthyr.  
The total system method, when used on its own for determining treatment efficiency 
shows that Taff Merthyr is performing poorly at only 14% efficiency, however its lagoon 
efficiency is actually high at 70% and little could be done to increase this, whereas using 
the total system efficiency on its own would suggest that it can be greatly improve d. If 
improvements in total system efficiency were to be conducted at Taff Merthyr the 
greatest gains would be achieved by increasing the rates of oxidation and settling, not 
improving the hydraulics of the system, although as the inlet concentration of Fe  is so 
low at ~4 mg/L little can be done to speed up the removal process as the rate of Fe 
removal is proportional to the inlet concentration. 
In contrast Morlais has a low total system efficiency and lagoon efficiency, which shows 
that gains in efficiency are most likely to be made when improving the hydraulics of the 
settling lagoon. This is especially true as the short-circuiting is so prevalent that it can 
be visually seen within the lagoon, without needing to undertake a tracer test.  
Lindsay has a high lagoon efficiency, but moderately low total system efficiency, 
showing that increasing the oxidation and settling rates would have the largest impact 
upon the overall removal efficiency. 
The total system efficiency is flawed as a measurement of efficiency as the last 1 mg/L of 
Fe in the mine water is well known to be difficult to remove by settling alone, as shown 
by the Site 2 settling profile, and therefore this will always distort the results, especially 
if the inlet Fe concentration is low already. 
The main drawback of the lagoon efficiency is that a column study must be conducted to 
measure the rates of Fe(II) oxidation and Fe(III) settling and the lagoon requires to be 
monitored daily, including flow rate over a number of days, however the three main 
aspects of Fe(II) oxidation, Fe(III) settling and lagoon hydraulics are all separately taken 
into account using Equation 41. 
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8.0 Discussion of Modelling of Iron Oxidation, Settling 
and Removal  
This section aims to discuss the results and implications and draw conclusions from the 
modelled oxidation, settling and removal rates and their comparison to measured 
oxidation, settling and removal rates experienced within settling lagoons. 
 
8.1 Modelling of Existing Settling Lagoon Formulae 
Modelling of the measured column Fe(II) and Fe(III) concentrations and comparison to 
the measured column Fe(II) and Fe(III) concentrations using the plug-flow formula for 
all of the mine waters showed that this formula could accurately fit the concentration 
profiles in the columns after 48 hours. Application of this formula to predict the outlet 
concentration of the settling lagoons at Taff Merthyr, Lindsay and Morlais showed a 
large underestimation of the outlet Fe concentrations in all of the lagoons (an 
overestimation of treatment efficiency), except for Taff Merthyr where the difference 
between measured and modelled concentration was low at only 8.3% on average. 
However, the range of modelled to measured concentration was the lowest out of all of 
the modelling criteria. This large underestimation of the outlet Fe concentrations is due 
to calculation of the residence time as plug flow and not the actual residence time, 
which takes into account short circuiting and other variables. This is reinforced by the 
modelled outlet concentrations using the new formula developed in this thesis, being far 
more accurate than the plug-flow formula, upon which the new formula is based. 
The tanks in series model used by Kusin (2011) is designed to take into account less 
than ideal plug flow hydraulics by being modelled upon two stirred tank reactors in 
series and therefore its accuracy should be higher, however it also underestimates the 
outlet Fe concentrations at Lindsay and Morlais, but with a higher accuracy for Taff 
Merthyr. It has a similar range in modelled outlet to measured outlet concentrations, 
with the range being important as having a large range may lead to excessive iron 
burden upon the reed beds, or oversizing of the settling lagoon due to inaccurate 
predictions of outlet Fe concentration. 
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The Coal Authority currently uses the formula developed by Hedin et al (1994) as its 
main design sizing criteria when designing new settling lagoons. The accuracy of the 
modelled outlet Fe concentrations are low for all three mine waters, which all 
underestimate the outlet Fe concentrations. The range of modelled outlet 
concentrations is also one of the widest out of all of the design criteria. The combination 
of this wide range and the poor accuracy shows that this is not an effective design 
criteria to use when designing settling lagoons. The poor accuracy is likely to be due to 
the fact that this formula does not take into account the background chemistry, such as 
pH and DO concentration and is instead based upon only three different wetland 
treatment systems and not solely upon settling lagoons as an individual entity. 
Alongside this the treatment systems were not representative of systems used in the 
UK, with the systems studied by Hedin et al (1994) having much higher total Fe 
concentrations and longer retention times than UK settling lagoons, which have been 
shown earlier in the thesis to have substantially lower area-adjusted Fe removal rates. 
Parker (2003) uses a 48 hour retention time to remove 95% of the total Fe, which 
shows a higher accuracy than many of the other design criteria, although it is still 15 – 
40% lower than the measured concentrations, with a moderate range in the modelled 
concentrations compared to the measured concentrations. The disparity between the 
modelled and measured concentrations is likely to be due to not taking into account the 
background chemistry, instead being based upon the inlet and outlet concentrations 
from a number of lagoons. 
The PIRAMID guidelines (2003) use a third design criteria for the sizing of settling 
lagoons, which is 100 m² of lagoon per L/s of flow, which is based upon measurements 
made upon active settling lagoons. The accuracy of this sizing criteria is the lowest out 
of any of the design criteria, which also has a moderate range. This inaccuracy if 
modelled outlet Fe concentrations is most likely due to the design criteria not taking 
into account the individual chemistry of the mine waters, instead using an overall 
removal rate constant for all circumneutral mine water. This is flawed as the oxidation, 
settling and removal rates have been shown to be related to the pH, DO concentration 
and initial Fe concentration, none of which this or many of the other design criteria take 
into account. 
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The design criteria by Tarutis (1999) uses an areal based variable removal rate. At 
Lindsay it has greatly overestimated the outlet Fe concentration, with a high range 
across the days sampled. For Morlais and Taff Merthyr this is the most accurate design 
criteria when compared to the others, however a moderate range is seen, which could 
lead to oversizing or overburdening of the reed beds. The higher accuracy may be due 
to the lagoons that were sampled by Tarutis (1999) being similar to Morlais and Taff 
Merthyr. 
Overall none of the design sizing criteria accurately predict the outlet Fe concentrations 
for all three of the mine water treatment sites, with most criteria underestimating the 
outlet Fe concentration, which would lead to a higher Fe burden on the reed beds. The 
formula by Tarutis over predicts the outlet Fe concentrations, meaning that a larger 
settling lagoon volume is needed than actually required to treat the mine water, which 
leads to higher capital expenditure. 
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8.2 Development of a New Settling Lagoon Formula 
This section aims to discuss the results and the applicability of the new formula for 
outlet Fe prediction of settling lagoons for treating ferruginous mine water that was 
generated from this research.  
The plug-flow formula was chosen to be further investigated for its potential to be used 
to predict the outlet Fe concentrations in settling lagoons due to the fact that it could 
accurately predict the outlet Fe concentrations of the mine water in the column studies. 
It is likely that the inaccuracy in the modelling of the settling lagoons outlet Fe 
concentrations is due to the hydraulics of the lagoon not being plug flow, instead of 
inaccuracy of the rates of Fe(II) oxidation and Fe(III) settling, and therefore having a 
lower than nominal residence time, which may be accounted for using the formulae by 
Thackston et al (1987). 
Outlet Fe(II) concentrations for Lindsay show no change in accuracy for the new 
formula compared to Sapsford and Kusin as all of the modelled concentrations show 
Fe(II) at 0.0 mg/L, which is close to the measured readings of <0.3 mg/L.  
It is possible that the modelling has calculated the rate of Fe(II) oxidation to be far 
greater than it is in the settling lagoon, however this would not easily be seen due to the 
lower boundary of the Fe(II) modelling being at 0.0 mg/L and therefore not b eing able 
to go any lower. This potential over-prediction of the rate of Fe(II) oxidation is not clear 
on low Fe(II) concentration mine water that is settling rate limited, as Taff Merthyr is, 
therefore a higher Fe(II) concentration mine water that is oxidation rate limited would 
need to be studied to ensure that this potential inaccuracy is not occurring, however 
this is not possible within this thesis as Lindsay, Morlais and Taff Merthyr are all settling 
rate limited with moderately low Fe(II) concentrations. This potential error is 
applicable to all three of the sites modelled. 
Morlais shows a similar pattern as Lindsay, although with slightly higher  measured 
Fe(II) outlet concentrations and modelled Fe(II) concentrations at 0.0 mg/L. This 
difference between the modelled and measured outlet Fe(II) concentrations may be due 
to potential over prediction of oxidation rates as discussed previously, however as the 
difference is on average <1.0 mg/L then it does not greatly affect the difference between 
the modelled and measured overall outlet total Fe concentrations as much as Fe(III).  
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Taff Merthyr measured outlet Fe(II) concentrations are on average <1.0 mg/L, with the 
new formula and Sapsford both modelling a 0.0 mg/L outlet Fe(II) concentration, 
however Kusin models a slightly higher outlet concentration that is on average 10% of 
the measured Fe(II) concentration. This is more accurate than the other formulae, 
however still not important as a 0.1 mg/L Fe(II) concentration difference will only 
minimally affect the overall Fe removal rate. 
For all three sites the outlet concentration of Fe(III) has a far greater impact upon the 
outlet total Fe concentration compared to the outlet concentration of Fe(II). This is due 
to the three mine waters being settling rate limited, with low initial Fe(II) 
concentrations, meaning that the Fe(II) is rapidly oxidised, with little or no Fe(II) 
remaining at the outlet, unlike Fe(III) where there are high concentrations remaining. 
The new formula is the most accurate of the three formulae in predicting the outlet 
Fe(III) concentrations for Lindsay at an average of 107% of the total of the measured 
outlet Fe(III) concentration, with Kusin being at 73% of the total and Sapsford at 49%. 
A reduction in the accuracy of the Fe(III) modelled concentration is seen for Morlais at 
only 54%, which is thought to be caused by short-circuiting reducing the retention time. 
The effective lagoon volume is calculated to be 77%, however modelling the outlet total 
Fe concentrations to the nearest fit shows that the effective lagoon volume should be 
only 27%. Kusin shows the same accuracy at 54% and Sapsford is lower at 39% of the 
outlet Fe(III) concentration. 
Taff Merthyr has a far closer accuracy for all three design criteria, however the new 
formula is the least accurate at an average of 117% of the total measured Fe(III) outlet 
concentration, with Kusin at 111% and Sapsford at 112%. This difference of 6% 
accounts for a concentration difference of only 0.2 mg/L due to the low total Fe 
concentration and therefore there is little actual difference in total Fe outlet 
concentration between these three formulae at Taff Merthyr. 
Total Fe concentration is the basis for the three design criteria used in PIRAMID (2003). 
These design criteria do not separately calculate the change in Fe(II) and Fe(III) 
concentrations as they are not based upon the individual chemistries of the mine waters 
such as pH, DO concentration, k and k2, which in this thesis have been shown to be an 
essential part in the prediction of outlet Fe(II), Fe(III) and total Fe concentrations. 
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Instead they are based upon observations of a small number of treatment systems 
(Parker et al, 2003; Hedin et al, 2004), from which the rates of oxidation and settling 
may be greatly different to those of other systems due to the variation in the chemistry 
of the mine water. 
Comparison of six formulae that can be used to calculate the outlet total Fe 
concentrations has shown that all but the formula by Tarutis underestimate the outlet 
total Fe concentration and that they all have at least a moderate range of modelled to 
measured concentrations across the 14 days that the lagoon sampling was conducted.  
At Lindsay the 100 m²/L/s (PIRAMID, 2003) showed the least accuracy at 20% of 
modelled to measured total Fe concentration, which is most likely due to a low effective 
volume of 49% causing non-plug flow hydraulics and a slower Fe removal rate than 
those observed in the study by PIRAMID (2003). This is followed by Hedin at 44%, 
whose calculation of Fe removal rate is based upon observations of the entire wetland 
treatment system and an estimation of the settling lagoon proportion of this which has a 
range of 100% from 10 – 20 g/m²/d, which can greatly vary the size of the lagoon. Plug-
flow has an accuracy of 48%, which is caused by the low effective volume as 
demonstrated using the new formula for outlet Fe(III) concentration calculation and is 
not caused by incorrect calculation of rates of oxidation and settling. The next most 
accurate is Kusin at 72%, who has shown to be inaccurate due to the accuracy of the 
calculation of Fe(III) outlet concentration, which appears to show that the two tanks in 
series model is of a higher efficiency than the actual settling lagoons. The final PIRAMID 
sizing criteria of 48 hour retention time (Parker, 2003) is the next most accurate at 
77%, which is most likely due to a low effective volume of 49% causing no n-plug flow 
hydraulics. Tarutis overestimates the outlet total Fe concentration at 164%, which may 
be due to differences in chemistry of the mine water at Lindsay and those sampled to 
create the formula by Tarutis (1999). 
Morlais is similar to Lindsay, however due to the design of the settling lagoon it has a 
lower effective lagoon volume of around 30%, which means that short-circuiting and 
dead spots are prevalent in the lagoon. Due to this lowered effective lagoon volume the 
accuracy of the plug-flow formula is lowest at 37%, followed by PIRAMID at 47% and 
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Kusin at 51%. Parker is at 61% and Hedin is at 65% accuracy, however Tarutis is  most 
accurate, but still overestimates at 116%. 
At Taff Merthyr a low concentration of around 4 mg/L and low retention time of around 
10 hours, but high effective lagoon volume of 83% combine to increase the accuracy of 
all of the formulae, except Hedin, which is at 15% accuracy using the lowest Fe removal 
rate of 10 g/m²/d, which if increased up to 12 g/m²/d, which is nowhere near the 
maximum of 20 g/m²/d, decreases the accuracy to 0%, with similar decreases in 
accuracy for Lindsay and Morlais. Tarutis has a 100% accuracy for this mine water, with 
Kusin at 93%, plug-flow at 92%. Parker is at 86% and PIRAMID at 70%. To surmise 
none of the formulae were accurate for all three of the sites, therefore the new formula 
was devised in order to reduce this inaccuracy. 
Linear rates of Fe removal were applied to the lagoon modelling to determine whether a 
zero order rate of Fe removal could accurately predict the outlet total Fe concentrations. 
The rates of Fe removal used were fixed rates that were measured during the column 
studies for the individual mine waters. These fixed Fe removal rates were compared to 
the Fe removal rate developed that was based upon all of the circumneutral mine 
waters against the initial total Fe concentration, which showed a positive corre lation of 
high R² value. This showed a low accuracy for Lindsay, which is due to the Fe removal 
profile of Lindsay being non-linear. Morlais was more accurate due to it having a slightly 
more linear Fe removal rate profile and Taff Merthyr was the most accurate due to it 
having the most linear Fe removal profile of the three mine waters. Overall the Fe 
removal rate based upon the initial Fe concentration was shown to be more accurate 
than the fixed Fe removal rate, further demonstrating that the Fe removal rate is 
correlated to the initial total Fe concentration. As many of the mine waters have a non -
linear Fe removal profile then this design sizing criteria would be unsuitable for the 
design of settling lagoons as the accuracy has been shown to be up to 50% different to 
the measured average outlet concentrations. 
The new formula developed in this thesis is more accurate and has a lower range (when 
severe short-circuiting is taken into account) than all of the other design sizing criteria, 
except for Tarutis at Taff Merthyr. At Lindsay its accuracy is high at 105% modelled to 
measured total Fe concentration, whilst at Morlais it is 100% when using an effective 
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lagoon volume of 27%, which is realistic as effective lagoon volumes as low as 33% have 
been recorded by Aube et al (2012) and 14% by Dong-kil (2016). Taff Merthyr had 
another high modelled to measured total Fe concentration accuracy of 96%. These 
accuracies are all improvements upon the accuracy of the plug-flow formula, which is 
due to the revision in calculation of actual residence time, instead of using plug flow and 
the nominal residence time. Across the three mine waters and 14 days of sampling and 
modelling the new formula based upon the chemistry of the mine water and hydraulics 
of the settling lagoon have been shown to be the most accurate in the prediction of 
outlet Fe(III) and total Fe concentrations. 
Due to the correlation between the settling rate constant k2 and the initial total Fe 
concentration the fixed k2 values were substituted with a variable k2 based upon the 
initial total Fe concentration. This showed a lowering of accuracy when predicting the 
outlet Fe and Fe(III) concentrations for Lindsay and Morlais, although a slight 
improvement in total Fe prediction accuracy was seen for Taff Merthyr. These decreases 
in outlet concentration prediction accuracy are likely to be due to the settling rate 
constants for Lindsay and Morlais sitting off the trendline and therefore not being 
represented by the variable k2 value equation. This means that the settling rate constant 
used for prediction of outlet Fe concentrations should be measured using a settling 
column instead of being calculated. 
As an increase in accuracy had been seen by using effective lagoon volume and actual 
residence time using the plug-flow formula then this was also applied to the other 
design sizing criteria. This showed improved accuracy for the PIRAMID (2003), Hedin et 
al (1994) and Kusin (2011) design sizing criteria, but decreased the accuracy of Parker 
(2003) and Tarutis (1999). The Fe removal rate also showed a lowering of accuracy 
when using the effective lagoon volume. None of these design sizing criteria using 
effective volume were more accurate than the new design sizing criteria developed in 
this thesis. 
Overall all of the formulae under predict the outlet Fe(II) concentration, however as the 
concentrations are so low this has little impact upon the outlet total Fe concentration 
compared to the impact from Fe(III). Due to all three of the mine waters being settling 
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rate limited this is the most important aspect of the modelling, with the new formula 
being the most accurate in the prediction of outlet Fe(III) and total Fe concentrations.   
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8.3 Applicability of Column Studies 
This section aims to discuss the results and implications and draw conclusions with 
regards to the applicability of these column studies to real world lagoons based upon 
the oxidative and settling processes that occur within the mine water. 
Settling columns are designed to represent the characteristic properties of the settling 
of suspended solids, however for mine water it is not only the settling of suspended 
solids that occurs, but also chemical reactions, which add an extra element of 
complexity to the settling behaviour. Settling lagoons rarely have non-turbulent flow 
due to varying bed roughness, wind (Aube et al, 2012) and shape (Kusin et al, 2012) 
along with many other factors that can affect turbulence.  
When used alone the rates of oxidation and settling from the column tests are no t 
representative of the outlet Fe concentrations. Instead measurements of pH, DO, 
temperature, flowrate and inlet Fe concentrations can be used along with the formula 
by Sapsford (2013) to predict the outlet concentrations. These concentrations predicted 
using the plug-flow formula on its own have a low accuracy and predict concentrations 
up to 63% lower than the measured outlet Fe concentrations. 
The influences on the effectiveness of the settling lagoon can be factored in by using the 
actual residence time instead of the nominal retention time and therefore the plug-flow 
formula can be used by replacing the nominal retention time with the actual retention 
time, calculated using the effective lagoon volume. 
This brings the accuracy of the predictions of outlet Fe concentrations far closer to the 
measured concentrations at +5% -4% accuracy for Taff Merthyr and Lindsay, which is 
more accurate than any other existing formula used to predict the outlet Fe 
concentrations from a settling lagoon. Due to the short-circuiting occurring at Morlais 
this inaccuracy is large at -49%, however when the effective lagoon volume is reduced 
to 27% the inaccuracy reduces to 0%. This low effective lagoon volume is entirely 
possible as lagoon efficiencies as low as 14% have been recorded (Dong-kil, 2016).  
Overall the column studies are applicable, repeatable and accurate when used for 
predicting the outlet Fe concentrations of settling lagoons treating circu mneutral 
ferruginous mine water when traditional rectangular shaped lagoons are used, the 
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hydraulics of which can be accounted for using effective volume. Using non-rectangular 
shaped lagoons can cause severe short-circuiting, therefore reducing the effective 
volume. 
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8.4 Performance Assessment of Existing Systems 
Using the new formula developed in this thesis a new method to assess the lagoon 
efficiency of settling lagoons was created, which removed the need for using a tracer, 
with the rates of Fe(II) oxidation and Fe(III) settling being used to calculate actual 
residence times, instead of nominal residence time calculated using plug flow. These 
actual residence times when compared to the nominal residence times indicate the 
hydraulic efficiency of the settling lagoons. The largest potential error using this method 
to assess the hydraulic efficiency is the incorrect calculation of the rates of oxidation 
and settling, which can lead to under or overestimation of the outlet Fe concentrations, 
although by using two different rates this potential error is reduced if they both 
accurately predict the outlet Fe(II) and Fe(III) concentrations, which for all three mine 
waters have been shown to accurately predict. 
Assessing the performance of existing systems is usually undertaken to ensure that the 
treatment system is working efficiently at removing the specific pollutant that it was 
designed to remove. It is usually measured as percentage of total inlet concentration 
removed using the formula by Brown et al (2002), or similar.  
The formula by Brown et al (2002), which is referred to as the total removal efficiency 
in this thesis, calculates an overall removal efficiency, however it does not individually 
take into account the rates of Fe(II) oxidation, Fe(III) settling or the hydraulic efficiency 
of the lagoon. It also does not take into account that the final 1 mg/L of Fe is difficult to 
remove from the mine water using settling alone due to the rate of settling being 
proportional to the concentration of total Fe and therefore reed beds are utilised as 
filters to reduce this final amount to concentrations below the permitted discharge 
consent.  
When assessing the efficiency of a settling lagoon using this efficiency measure only, low 
Fe concentration mine waters, such as Taff Merthyr, in which full oxidation but little 
settling occur are seen to have an extremely low total removal efficiency, even though 
they are performing exactly as designed, where the bulk of Fe(III) is removed in the 
reed beds, as the concentration is low enough not to negatively impact upon them. 
If assessed using only the total removal efficiency and no understanding of the rates of 
oxidation, settling and the hydraulic efficiency, the low efficiency at Taff Merthyr would 
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infer that an increase in the total removal efficiency should be simple to implement. 
This however is not the case as the hydraulic efficiency of the settling lagoon is high so 
little improvement could be made there, the rate of settling is low due to the low 
concentration of total Fe and the rate of Fe(II) oxidation is already high, therefore very 
little could be done to increase the total removal efficiency of the settling lagoons at Taff 
Merthyr.  
These conclusions can only be drawn if a study on the rate of Fe(II) oxidation and Fe(III) 
settling is conducted, along with monitoring of the lagoon similar to the work conducted 
in this thesis. The drawbacks from undertaking a full assessment such as this are that 
they are time consuming, taking a number of weeks to conduct and therefore can be 
expensive, however this may only be a small cost compared to implementing ineffective 
improvements at settling lagoons, such as Taff Merthyr. 
Overall by assessing the lagoon efficiency and the rates of Fe(II) oxidation and Fe(III) 
settling an informed decision can be made as to what the most effective modification is 
to the settling lagoon in order to improve the total system efficiency. For example an 
increase in the residence time where settling is the rate limiting factor, or altering the 
flow pattern where there is a low hydraulic efficiency, or increasing the pH where 
oxidation is the rate limiting factor. Using these four assessment methods together has 
the potential to reduce the running costs, reduce Fe burden on the reed beds and reduce 
the likelihood of instances of non-compliance with the discharge criteria. 
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9.0 Conclusions and Recommendations for Future 
Work 
9.1 Conclusions 
1. The area-adjusted Fe removal rates measured and recommended by Hedin et al 
(1994) of 10 – 20 g/m²/d for use in the wetlands treating ferruginous mine 
water in the United States are not applicable to UK mine water settling lagoons. 
These have been shown to over-estimate the Fe removal potential of the settling 
lagoons due to the high Fe concentrations and retention times of the wetlands 
studied compared to UK mine waters and settling lagoons. 
2. In a settling column with a 48 hour retention time the difference between an 
oxidation rate limited mine water and a settling rate limited mine water is that 
an oxidation rate limited the mine water has a pH <6, or initial Fe(II) 
concentration >16 mg/L when the pH is 6 – 8. 
3. The rate of Fe(II) oxidation constant k in circumneutral mine water has been 
shown to be variable and not fixed as previously thought. It has been shown to 
span the range of all of the other authors’ studies on the oxidation rate constant k 
that have been researched in this thesis. A potential correlation between the 
initial Fe(II) concentration and the Fe(II) rate constant k has also been observed. 
4. The Fe(III) settling rate constant k2 in circumneutral mine water has been shown 
not to be universal, instead it is proportional to the initial total Fe concentration, 
which is in keeping with other authors’ theories and findings. The settling rate 
constant k2 has also been shown to be affected by the concentration of calcium 
and magnesium in the mine water. 
5. The Fe removal rate is truly non-linear (as in Site 2, Vivian, Lindsay, Lindsay 
Repeat and Morlais), however three rate limiting aspects can cause the Fe 
removal rate to appear linear, which are: 
a. The mine waters are oxidation rate limited where the total Fe profile 
follows the linear Fe(II) oxidation profile (as in Ynysarwed, Clough Foot, 
Sheephouse Wood, Tan Y Garn, Gwenffrwd and Glyncastle). 
Chapter Nine – Conclusions  
247 
 
b. The mine waters have a low initial Fe concentration, therefore a low 
removal rate and linear profile due to the Fe(III) settling rate being 
proportional to the initial Fe(III) concentration (as in Taff Merthyr and 
Glyncorrwg) 
c. The mine waters are acidic and therefore hydrolysis and floc formation is 
substantially slowed (as in Parys Mountain, Site 1 and Site 3) 
6. When linearized Fe removal rates are modelled on a settling lagoon the 
prediction accuracy is low. It is for this reason and those in conclusion 5 that the 
Fe removal rate constant would not suitable to be used as the representative Fe 
removal rate in prediction of outlet Fe concentrations of circumneutral settling 
lagoons. 
7. A new formula has been developed to predict the outlet Fe(II), Fe(III) and total 
Fe concentrations from settling lagoons treating ferruginous circumneutral mine 
water that is based upon the rates of Fe(II) oxidation and Fe(III) settling. This 
formula can be re-arranged so that the required area of a settling lagoon can be 
calculated based upon inlet Fe concentrations, along with the background 
chemistry and desired outlet Fe concentrations. 
8. A new method to assess the hydraulic efficiency of a settling lagoon treating 
ferruginous circumneutral mine water has been developed, which utilises the 
rates of Fe(II) oxidation and Fe(III) settling to act as the tracer in calculating the 
actual residence time of the settling lagoon. This can be used alongside the 
measured rate of Fe(II) oxidation and rate of Fe(III) settling to make a far more 
informed decision on treatment efficiency in order to deliver more effective 
remediation solutions to improve the overall performance of the settling lagoon. 
9. A new standard method has been proposed for the examination of circumneutral 
ferruginous mine water being treated using a settling lagoon that utilizes a 
column to measure the rates of Fe(II) oxidation, Fe(III) settling and Fe removal. 
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The aim and objectives set out at the beginning of this thesis have all been achieved, 
specifically;  
 An experimental procedure was created in chapter 4 that was used to measure 
the rates of Fe(II) oxidation and Fe(III) settling in mine water.  
 Rates of Fe(II) oxidation, Fe(III) settling and Fe removal for multiple mine water 
discharges were measured in chapter 5, with the effects of individual aspects of 
chemistry upon the rates of oxidation, settling and removal being also studied in 
chapter 5. 
 The rates of oxidation, settling and removal were compared in chapter 6 to those 
researched by other authors. 
 Settling lagoon oxidation, settling and removal rates were measured in chapter 5 
and compared in chapter 7 and 8 to modelled oxidation, settling and removal 
rates for a number of different lagoon sizing criteria. 
 A bespoke design sizing criteria for settling lagoons treating circumneutral 
ferruginous mine water based upon the experimental results was created in 
chapter 7, along with the full methodologies of how to undertake the column and 
lagoon studies in chapter 4. 
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9.2 Implications 
 
The main implication of these findings is a reduced financial burden for the general 
public in the UK as this research has been conducted primarily for The Coal Authority, 
with the investment for the mine water treatment schemes largely originates from 
general taxation. This reduction in mine water treatment scheme cost will come from a 
number of areas, which are; improved accuracy in the sizing of the settling lagoons, 
therefore more control can be held over the settling lagoon outlet concentration that 
passes into the reed beds. This improved accuracy in the sizing of the settling lagoons 
will in some instances lead to a reduction in the size of the treatment system, therefore 
reducing capital expenditure on items such as land, raw materials and labour costs.  Not 
only will it reduce capital expenditure but it will also reduce waste disposal cost due to 
lowering of the Fe burden upon the reed beds, which are a higher cost to dispose of than 
the settled ochre from the settling lagoons. 
An improved understanding of the importance of rate limiting factors, hydraulic 
efficiency and total removal efficiency will aid in the successful implementation of 
effective adaptations to underperforming settling lagoons and should reduce the 
likelihood that improvement adaptations fail, therefore further reducing the financial 
burden on the general public. 
This benefits of this research are not only limited to the UK, but can be used globally for 
the treatment of circumneutral mine drainage, as it has been shown that the oxidation, 
settling and removal rates for mine waters across the world can also be represented 
using the new formula that has been developed in this thesis. 
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Future Work 
 
A number of limitations to the studies conducted in this thesis have been identified  and 
further study may enhance the effectiveness and accuracy of the newly created formula 
in this thesis. Areas which need further study include: 
 The effects that bacteria have upon the rate of Fe(II) oxidation as no bacterial 
analysis was conducted. It would be of benefit to conduct studies into the 
dominance of the bacterial oxidation in each mine water tested. 
 A minor correlation between the initial Fe(II) concentration and the oxidation 
rate constant k have been observed. A more in depth study of this would bring 
benefits of possibly not having to undertake a column study to assess the rates of 
Fe(II) oxidation, instead only the pH, DO and initial Fe(II) concentration would 
need to be measured, thereby simplifying the settling lagoon designing process.  
 Similarly if the effects of calcium and magnesium upon the settling rate constant 
k2 could be quantified then no settling column test would be needed to assess the 
rate of settling, instead only the initial total Fe concentration, along with the 
concentrations of calcium and magnesium would need to be measured. 
 Further lagoon monitoring on settling lagoons that are oxidation rate limited 
would bring the reassurance that the rates of Fe(II) oxidation measured in the 
column tests are representative of those occurring within the settling lagoons.  
 Scaling of the column tests to shorter, but wider columns so that they are more 
easily transportable and can be easily conducted in the field. This would require 
running a number of column tests in duplicate alongside the shorter columns to 
ensure that the results they produce are comparable. 
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Appendix A – Unprocessed Data from Experiments 
Table 55 Glyncastle Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-2.00 21.25 20.83 0.50 5.00 23.04 1.79 21.25 20.83 0.50 5.00 23.04 1.79 21.25 20.83 0.50 5.00 23.04 1.79 
0.00 21.62 18.20 0.44 5.00 20.32 1.30 21.95 19.53 0.44 5.00 20.22 1.73 22.41 19.25 0.46 5.00 21.19 1.22 
2.75 20.95 14.53 0.36 5.00 16.44 4.51 21.81 15.00 0.40 5.00 18.29 3.53 21.79 15.40 0.38 5.00 17.73 4.06 
5.75 21.15 11.69 0.31 5.00 14.18 6.97 21.63 12.09 0.31 5.00 14.45 7.18 20.32 11.32 0.30 5.00 13.94 6.38 
20.75 11.36 4.23 0.12 5.00 5.63 5.73 11.21 4.22 0.13 5.00 6.10 5.11 11.85 4.52 0.12 5.00 5.59 6.26 
23.75 10.70 3.87 0.11 5.00 5.26 5.43 10.65 4.20 0.11 5.00 5.26 5.39 10.93 4.21 0.11 5.00 5.13 5.80 
26.75 9.61 3.38 0.11 5.00 4.99 4.62 9.43 3.55 0.10 5.00 4.57 4.86 9.51 3.61 0.10 5.00 4.66 4.85 
29.75 8.09 2.82 0.42 1.00 3.88 4.22 9.19 3.19 0.44 1.00 4.05 5.14 8.56 3.05 0.43 1.00 3.99 4.57 
44.75 5.25 0.96 0.19 1.00 1.76 3.48 5.13 1.04 0.19 1.00 1.72 3.41 5.21 1.05 0.18 1.00 1.68 3.53 
48.00 5.54 0.71 0.15 1.00 1.39 4.15 4.75 0.78 0.15 1.00 1.39 3.36 4.75 0.75 0.14 1.00 1.31 3.44 
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Table 56 Glyncastle Non-Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-2.00 21.25 20.83 0.50 5.00 23.04 -1.79 21.25 20.83 0.50 5.00 23.04 -1.79 21.25 20.83 0.50 5.00 23.04 -1.79 
0.00 22.76 20.29 0.49 5.00 22.53 0.23 22.58 20.59 0.47 5.00 21.56 1.02 22.58 20.53 0.48 5.00 22.07 0.50 
2.75 22.93 18.27 0.44 5.00 20.27 2.65 22.39 17.61 0.43 5.00 19.81 2.58 20.89 17.90 0.45 5.00 20.69 0.20 
5.75 21.67 15.90 0.39 5.00 17.78 3.90 22.10 17.06 0.40 5.00 18.52 3.58 20.92 16.16 0.39 5.00 18.19 2.73 
20.75 18.15 10.44 0.28 5.00 13.02 5.13 18.12 10.78 0.26 5.00 12.14 5.98 18.79 10.89 0.27 5.00 12.24 6.56 
23.75 18.10 10.60 0.25 5.00 11.73 6.37 18.12 9.91 0.25 5.00 11.68 6.44 17.22 10.37 0.26 5.00 12.01 5.22 
26.75 16.09 9.14 0.25 5.00 11.45 4.64 15.45 9.35 0.23 5.00 10.80 4.65 15.80 9.49 0.24 5.00 11.04 4.76 
29.75 13.63 8.16 1.08 1.00 9.96 3.67 14.30 8.49 1.11 1.00 10.25 4.05 14.69 8.38 1.12 1.00 10.33 4.35 
44.75 10.48 5.67 0.79 1.00 7.27 3.21 10.82 6.01 0.79 1.00 7.33 3.49 10.82 5.96 0.77 1.00 7.15 3.68 
48.00 10.18 5.08 0.74 1.00 6.82 3.36 10.01 5.51 0.73 1.00 6.77 3.24 10.28 5.51 0.74 1.00 6.81 3.47 
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Table 57 Glyncorrwg Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-2.25 2.94 2.60 0.07 5.00 3.10 -0.16 2.94 2.60 0.07 5.00 3.10 -0.16 2.94 2.60 0.07 5.00 3.10 -0.16 
0.00 3.03 2.06 0.24 1.00 2.22 0.81 3.16 2.15 0.25 1.00 2.29 0.87 3.20 2.21 0.26 1.00 2.40 0.80 
2.00 3.01 1.55 0.19 1.00 1.76 1.25 3.04 1.57 0.20 1.00 1.87 1.17 3.00 1.55 0.19 1.00 1.72 1.29 
4.00 2.96 1.05 0.14 1.00 1.31 1.64 2.92 1.10 0.21 1.00 1.95 0.97 2.99 1.09 0.14 1.00 1.33 1.66 
19.00 2.08 0.05 0.03 1.00 0.28 1.81 2.21 -0.12 0.03 1.00 0.27 1.94 2.24 -0.13 0.03 1.00 0.27 1.97 
22.00 1.79 -0.14 0.03 1.00 0.30 1.49 2.09 -0.14 0.03 1.00 0.30 1.79 2.12 -0.14 0.04 1.00 0.34 1.78 
25.00 1.89 -0.14 0.03 1.00 0.23 1.66 1.98 -0.14 0.03 1.00 0.28 1.70 2.01 -0.14 0.03 1.00 0.29 1.72 
28.00 1.87 -0.14 0.03 1.00 0.25 1.62 1.88 -0.14 0.03 1.00 0.24 1.64 1.95 -0.14 0.03 1.00 0.26 1.69 
44.50 0.99 -0.18 0.02 1.00 0.20 0.79 1.09 -0.16 0.02 1.00 0.20 0.89 1.08 -0.16 0.02 1.00 0.21 0.87 
48.00 1.04 -0.17 0.02 1.00 0.14 0.90 1.03 -0.17 0.01 1.00 0.12 0.91 1.05 -0.17 0.02 1.00 0.16 0.89 
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Table 58 Glyncorrwg Non-Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-2.25 2.94 2.60 0.07 5.00 3.10 -0.16 2.94 2.60 0.07 5.00 3.10 -0.16 2.94 2.60 0.07 5.00 3.10 -0.16 
0.00 3.21 2.33 0.27 1.00 2.49 0.72 3.19 2.33 0.27 1.00 2.49 0.70 3.02 2.42 0.28 1.00 2.58 0.45 
2.00 3.13 2.14 0.25 1.00 2.27 0.86 3.11 2.12 0.25 1.00 2.31 0.80 3.09 2.10 0.24 1.00 2.25 0.84 
4.00 3.09 1.81 0.22 1.00 1.99 1.10 3.11 1.80 0.21 1.00 1.95 1.16 3.05 1.74 0.22 1.00 2.01 1.03 
19.00 1.86 -0.10 0.03 1.00 0.30 1.56 2.08 -0.06 0.04 1.00 0.33 1.75 2.13 -0.05 0.04 1.00 0.35 1.78 
22.00 1.72 -0.14 0.02 1.00 0.22 1.50 2.04 -0.14 0.03 1.00 0.30 1.74 2.05 -0.14 0.04 1.00 0.32 1.73 
25.00 1.72 -0.14 0.05 1.00 0.42 1.31 1.89 -0.15 0.05 1.00 0.42 1.47 1.90 -0.14 0.03 1.00 0.29 1.62 
28.00 1.54 -0.17 0.03 1.00 0.24 1.30 1.54 -0.17 0.03 1.00 0.24 1.30 1.56 -0.17 0.03 1.00 0.26 1.30 
44.50 0.97 -0.17 0.02 1.00 0.21 0.76 1.04 -0.17 0.02 1.00 0.21 0.83 1.09 -0.18 0.02 1.00 0.18 0.91 
48.00 0.94 -0.17 0.02 1.00 0.15 0.80 0.93 -0.17 0.02 1.00 0.15 0.79 1.01 -0.17 0.02 1.00 0.18 0.84 
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Table 59 Gwenffrwd Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-2.00 7.53 7.42 0.19 5.00 8.87 -1.34 7.53 7.42 0.19 5.00 8.87 -1.34 7.53 7.42 0.19 5.00 8.87 -1.34 
0.00 7.42 7.11 0.17 5.00 7.76 -0.34 7.47 7.21 0.15 5.00 6.84 0.63 7.48 7.29 0.18 5.00 8.18 -0.70 
2.00 7.46 7.03 0.82 1.00 7.58 -0.12 7.50 7.17 0.82 1.00 7.60 -0.10 7.46 7.10 0.83 1.00 7.68 -0.22 
5.00 7.43 6.81 0.82 1.00 7.61 -0.19 7.42 7.00 0.82 1.00 7.56 -0.14 7.34 6.91 0.82 1.00 7.59 -0.25 
20.00 7.28 5.82 0.70 1.00 6.44 0.84 7.39 6.01 0.71 1.00 6.51 0.87 7.43 6.05 0.70 1.00 6.49 0.94 
23.00 7.01 5.51 0.69 1.00 6.38 0.62 7.05 5.69 0.69 1.00 6.38 0.68 7.15 5.74 0.70 1.00 6.43 0.72 
26.00 7.10 5.44 0.68 1.00 6.26 0.84 7.03 5.54 0.69 1.00 6.36 0.67 7.09 5.63 0.69 1.00 6.35 0.74 
29.00 7.23 5.42 0.67 1.00 6.15 1.07 7.29 5.57 0.67 1.00 6.14 1.14 7.15 5.55 0.66 1.00 6.12 1.03 
44.00 6.25 4.72 0.59 1.00 5.48 0.77 6.32 4.93 0.59 1.00 5.45 0.86 6.39 4.96 0.59 1.00 5.42 0.97 
48.00 5.90 4.58 0.59 1.00 5.43 0.47 5.93 4.75 0.57 1.00 5.30 0.63 6.03 4.75 0.57 1.00 5.25 0.78 
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Table 60 Gwenffrwd Non-Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-2.00 7.53 7.42 0.19 5.00 8.87 -1.34 7.53 7.42 0.19 5.00 8.87 -1.34 7.53 7.42 0.19 5.00 8.87 -1.34 
0.00 7.54 7.35 0.18 5.00 8.27 -0.73 7.46 7.28 0.18 5.00 8.22 -0.77 7.45 7.29 0.18 5.00 8.32 -0.87 
2.00 7.48 7.19 0.84 1.00 7.73 -0.25 7.51 7.21 0.83 1.00 7.71 -0.19 7.56 7.25 0.84 1.00 7.72 -0.17 
5.00 7.48 7.09 0.82 1.00 7.58 -0.09 7.54 7.06 0.91 1.00 8.44 -0.90 7.42 7.01 0.83 1.00 7.63 -0.21 
20.00 7.55 6.24 0.71 1.00 6.57 0.98 7.72 6.41 0.71 1.00 6.60 1.13 7.91 6.38 0.71 1.00 6.58 1.33 
23.00 7.33 5.80 0.70 1.00 6.42 0.91 7.31 5.87 0.69 1.00 6.36 0.95 7.38 5.77 0.69 1.00 6.41 0.97 
26.00 7.41 5.69 0.67 1.00 6.23 1.18 7.36 5.74 0.67 1.00 6.22 1.14 7.31 5.70 0.68 1.00 6.26 1.06 
29.00 7.41 5.50 0.67 1.00 6.20 1.21 7.27 5.59 0.67 1.00 6.16 1.10 7.21 5.45 0.66 1.00 6.11 1.10 
44.00 6.60 4.81 0.59 1.00 5.44 1.16 6.48 4.75 0.59 1.00 5.41 1.08 6.59 4.74 0.58 1.00 5.38 1.21 
48.00 6.10 4.64 0.56 1.00 5.20 0.89 6.08 4.58 0.57 1.00 5.23 0.85 6.06 4.60 0.57 1.00 5.29 0.77 
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Table 61 Lindsay Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-2.00 16.53 15.64 0.26 5.00 12.01 2.38 16.53 15.64 0.26 5.00 12.01 2.38 16.53 15.64 0.26 5.00 12.01 2.38 
0.00 16.89 7.58 0.20 5.00 9.29 5.75 17.45 7.76 0.21 5.00 9.79 5.72 17.68 7.76 0.20 5.00 9.24 6.56 
2.50 17.17 1.31 0.13 5.00 5.96 9.72 16.86 1.34 0.14 5.00 6.38 8.96 17.05 1.40 0.34 1.00 3.11 12.77 
5.50 15.28 0.10 0.08 5.00 3.65 10.49 15.78 0.10 0.08 5.00 3.74 10.86 16.78 0.12 0.20 1.00 1.81 13.96 
21.00 4.30 0.07 0.05 1.00 0.48 3.56 4.34 0.07 0.06 1.00 0.55 3.53 4.71 0.07 0.06 1.00 0.58 3.84 
23.50 3.59 0.07 0.05 1.00 0.47 2.90 3.41 0.08 0.05 1.00 0.44 2.75 3.71 0.07 0.06 1.00 0.52 2.96 
26.50 2.68 0.07 0.04 1.00 0.36 2.15 3.11 0.07 0.04 1.00 0.41 2.51 3.10 0.07 0.04 1.00 0.40 2.51 
29.50 2.21 0.07 0.03 1.00 0.27 1.81 2.70 0.07 0.04 1.00 0.34 2.19 2.86 0.07 0.04 1.00 0.33 2.35 
45.00 1.75 0.08 0.02 1.00 0.21 1.43 1.82 0.08 0.02 1.00 0.22 1.49 1.88 0.08 0.03 1.00 0.25 1.52 
48.00 1.71 0.08 0.03 1.00 0.25 1.35 1.71 0.08 0.03 1.00 0.23 1.37 1.70 0.08 0.02 1.00 0.20 1.39 
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Table 62 Lindsay Non-Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-2.00 17.36 16.43 0.26 5.00 12.01 5.35 17.36 16.43 0.26 5.00 12.01 5.35 17.36 16.43 0.26 5.00 12.01 5.35 
0.00 16.37 10.96 0.24 5.00 11.09 5.28 16.47 10.93 0.23 5.00 10.44 6.03 16.86 11.26 0.29 5.00 13.30 3.56 
2.50 16.69 6.96 0.22 5.00 10.02 6.67 16.36 7.22 0.22 5.00 10.21 6.15 16.56 7.33 0.19 5.00 8.55 8.01 
5.50 16.47 3.78 0.19 5.00 8.59 7.88 16.61 4.20 0.19 5.00 8.96 7.64 16.83 4.52 0.68 1.00 6.24 10.59 
21.00 7.24 0.08 0.09 1.00 0.86 6.38 7.79 0.11 0.10 1.00 0.93 6.85 8.22 0.16 0.12 1.00 1.09 7.13 
23.50 6.29 0.07 0.08 1.00 0.75 5.55 6.31 0.08 0.08 1.00 0.73 5.58 6.70 0.11 0.09 1.00 0.87 5.83 
26.50 4.24 0.07 0.05 1.00 0.49 3.75 5.23 0.07 0.06 1.00 0.59 4.64 5.32 0.07 0.07 1.00 0.67 4.65 
29.50 3.49 0.09 0.04 1.00 0.36 3.13 4.58 0.08 0.05 1.00 0.48 4.10 4.66 0.08 0.06 1.00 0.52 4.14 
45.00 2.49 0.08 0.03 1.00 0.28 2.21 2.69 0.08 0.03 1.00 0.30 2.39 2.73 0.08 0.03 1.00 0.28 2.45 
48.00 2.51 0.08 0.03 1.00 0.28 2.24 2.64 0.08 0.03 1.00 0.30 2.34 2.74 0.08 0.03 1.00 0.30 2.44 
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Table 63 Lindsay Repeat Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
  Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
  Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
  Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-2 14.73 13.16   10.20 4.53 14.73 13.16   10.20 4.53 14.73 13.16   10.20 4.53 
0 15.29 6.55   5.40 9.89 15.10 6.25   4.80 10.30 14.96 5.68   4.90 10.06 
2.5 14.76 0.76   0.90 13.86 15.12 0.71   0.90 14.22 15.06 0.78   1.00 14.06 
5.5 14.99 -0.02   0.20 14.79 15.38 -0.01   0.10 15.28 15.38 0.01   0.20 15.18 
20.5 5.45 -0.04   0.10 5.35 6.08 -0.04   0.10 5.98 6.62 -0.04   0.10 6.52 
24 4.55 -0.04   0.00 4.55 4.76 -0.03   0.00 4.76 4.48 -0.04   0.00 4.48 
26.5 3.86 -0.04   0.00 3.86 4.19 -0.05   0.00 4.19 3.78 -0.04   0.00 3.78 
29.5 3.24 -0.04   0.00 3.24 3.32 -0.05   0.00 3.32 3.48 -0.04   0.00 3.48 
45 1.89 0.02   0.00 1.89 1.93 0.02   0.00 1.93 2.10 0.02   0.00 2.10 
48 1.64 0.02   0.00 1.64 1.61 0.02   0.00 1.61 1.85 0.02   0.00 1.85 
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Table 64 Lindsay Repeat Non-Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
  Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
  Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
  Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-2 14.73 13.16   10.20 4.53 14.73 13.16   10.20 4.53 14.73 13.16   10.20 4.53 
0 14.41 7.00   6.30 8.11 15.17 7.27   7.80 7.37 15.02 7.34   7.60 7.42 
2.5 14.90 3.55   3.30 11.60 14.79 3.63   3.30 11.49 15.08 3.62   3.00 12.08 
5.5 14.74 1.26   1.40 13.34 15.23 1.33   1.50 13.73 14.85 1.36   1.50 13.35 
20.5 6.75 -0.04   0.20 6.55 6.48 -0.04   0.10 6.38 6.81 -0.04   0.00 6.81 
24 5.06 -0.04   0.00 5.06 5.36 -0.04   0.00 5.36 5.16 -0.04   0.00 5.16 
26.5 4.59 -0.02   0.00 4.59 4.82 -0.04   0.00 4.82 4.73 -0.04   0.00 4.73 
29.5 3.67 -0.04   0.00 3.67 4.12 -0.05   0.00 4.12 3.72 -0.04   0.00 3.72 
45 2.15 0.01   0.00 2.15 2.41 0.02   0.00 2.41 2.46 0.02   0.00 2.46 
48 1.91 0.01   0.00 1.91 1.96 0.02   0.00 1.96 2.17 0.02   0.00 2.17 
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Table 65 Morlais Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-1.45 11.86 11.45 0.26 5.00 12.01 -0.16 11.86 11.45 0.26 5.00 12.01 -0.16 11.86 11.45 0.26 5.00 12.01 -0.16 
0.00 11.99 9.00 0.21 5.00 9.70 2.29 11.95 9.74 0.21 5.00 9.79 2.15 11.67 10.15 0.23 5.00 10.63 1.04 
2.50 11.65 5.29 0.13 5.00 5.96 5.69 11.86 5.48 0.14 5.00 6.38 5.49 12.02 5.57 0.14 5.00 6.42 5.60 
5.50 11.75 2.22 0.08 5.00 3.65 8.10 11.87 2.37 0.08 5.00 3.74 8.12 12.31 2.60 0.08 5.00 3.88 8.43 
20.50 8.23 0.15 0.10 1.00 0.95 7.28 6.62 0.03 0.10 1.00 0.95 5.67 6.84 0.03 0.11 1.00 1.01 5.84 
23.50 5.44 0.02 0.09 1.00 0.80 4.63 5.00 0.03 0.08 1.00 0.77 4.23 5.23 0.03 0.09 1.00 0.79 4.43 
26.50 4.12 0.03 0.06 1.00 0.56 3.56 4.74 0.02 0.07 1.00 0.63 4.11 5.12 0.04 0.08 1.00 0.72 4.40 
29.50 3.42 0.01 0.05 1.00 0.50 2.92 3.77 0.01 0.06 1.00 0.58 3.19 4.12 0.01 0.06 1.00 0.59 3.53 
45.00 2.22 0.00 0.03 1.00 0.31 1.91 2.27 0.01 0.04 1.00 0.34 1.93 2.43 0.00 0.04 1.00 0.32 2.11 
48.00 2.24 0.00 0.03 1.00 0.30 1.93 2.03 0.02 0.03 1.00 0.30 1.74 2.15 0.01 0.34 1.00 3.14 -0.99 
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Table 66 Morlais Non-Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-1.45 12.45 12.02 0.26 5.00 12.01 0.44 12.45 12.02 0.26 5.00 12.01 0.44 12.45 12.02 0.26 5.00 12.01 0.44 
0.00 12.68 11.27 0.24 5.00 11.09 1.60 12.74 11.05 0.23 5.00 10.44 2.30 12.67 11.20 0.24 5.00 11.23 1.44 
2.50 12.11 9.33 0.22 5.00 10.02 2.09 12.06 9.42 0.22 5.00 10.21 1.85 11.93 9.51 0.22 5.00 10.35 1.58 
5.50 12.69 7.97 0.19 5.00 8.59 4.10 11.91 8.27 0.19 5.00 8.96 2.95 13.04 8.11 0.19 5.00 8.82 4.22 
20.50 9.39 0.32 0.17 1.00 1.57 7.82 9.45 0.36 0.17 1.00 1.52 7.92 9.64 0.36 0.17 1.00 1.61 8.03 
23.50 8.98 0.03 0.12 1.00 1.11 7.87 9.27 0.04 0.12 1.00 1.15 8.12 9.07 0.04 0.12 1.00 1.15 7.93 
26.50 7.96 0.03 0.10 1.00 0.88 7.08 9.52 0.03 0.11 1.00 1.05 8.46 9.75 0.03 0.11 1.00 1.05 8.70 
29.50 6.31 0.03 0.07 1.00 0.67 5.65 8.32 0.03 0.10 1.00 0.95 7.36 8.52 0.03 0.10 1.00 0.95 7.56 
45.00 3.44 0.01 0.04 1.00 0.39 3.06 3.67 0.01 0.05 1.00 0.42 3.26 3.89 0.01 0.05 1.00 0.43 3.47 
48.00 3.56 0.01 0.04 1.00 0.39 3.17 3.15 0.01 0.04 1.00 0.36 2.79 3.58 0.01 0.05 1.00 0.46 3.11 
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Table 67 Taff Merthyr Aerated Column Data, N.M. is Not Measured 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-2.00 6.08 N.M. 0.63 1.00 5.84 0.24 6.08 N.M. 0.63 1.00 5.84 0.24 6.08 N.M. 0.63 1.00 5.84 0.24 
0.00 5.34 N.M. 0.33 1.00 3.02 2.32 5.47 N.M. 0.32 1.00 2.98 2.50 5.47 N.M. 0.34 1.00 3.13 2.33 
2.00 5.03 N.M. 0.14 1.00 1.29 3.74 5.35 N.M. 0.16 1.00 1.50 3.85 5.56 N.M. 0.18 1.00 1.65 3.90 
4.00 5.16 N.M. 0.09 1.00 0.86 4.30 5.15 N.M. 0.06 1.00 0.56 4.59 5.46 N.M. 0.08 1.00 0.72 4.74 
6.00 5.08 N.M. 0.03 1.00 0.29 4.79 5.40 N.M. 0.04 1.00 0.34 5.06 5.50 N.M. 0.04 1.00 0.39 5.11 
8.00 4.94 N.M. 0.01 1.00 0.12 4.82 5.25 N.M. 0.02 1.00 0.14 5.11 5.49 N.M. 0.02 1.00 0.21 5.28 
10.00 4.97 N.M. 0.01 1.00 0.06 4.91 5.28 N.M. 0.01 1.00 0.10 5.17 5.57 N.M. 0.01 1.00 0.06 5.51 
12.00 4.80 N.M. 0.00 1.00 0.02 4.78 5.10 N.M. 0.00 1.00 0.03 5.08 5.37 N.M. 0.01 1.00 0.06 5.31 
14.00 4.55 N.M. 0.00 1.00 0.01 4.54 4.92 N.M. 0.00 1.00 0.01 4.91 5.50 N.M. 0.00 1.00 0.03 5.47 
16.00 4.46 N.M. 0.00 1.00 0.01 4.45 4.95 N.M. 0.02 1.00 0.16 4.80 5.47 N.M. 0.00 1.00 0.03 5.44 
18.00 4.70 N.M. 0.02 1.00 0.17 4.54 4.92 N.M. 0.02 1.00 0.17 4.75 5.48 N.M. 0.02 1.00 0.17 5.32 
20.00 3.95 N.M. 0.00 1.00 0.02 3.93 4.79 N.M. 0.00 1.00 0.01 4.78 5.37 N.M. 0.00 1.00 0.03 5.34 
22.00 3.72 N.M. 0.00 1.00 0.00 3.72 4.55 N.M. 0.00 1.00 0.01 4.54 5.18 N.M. 0.00 1.00 0.02 5.16 
24.00 3.84 N.M. 0.00 1.00 0.01 3.83 4.59 N.M. 0.00 1.00 0.01 4.58 4.88 N.M. 0.00 1.00 0.01 4.87 
26.00 4.00 N.M. 0.00 1.00 0.04 3.96 4.44 N.M. 0.01 1.00 0.06 4.38 5.04 N.M. 0.01 1.00 0.07 4.96 
28.00 3.60 N.M. 0.01 1.00 0.05 3.55 4.74 N.M. 0.01 1.00 0.09 4.65 4.84 N.M. 0.01 1.00 0.08 4.76 
30.00 3.28 N.M. 0.01 1.00 0.06 3.23 4.01 N.M. 0.01 1.00 0.08 3.93 4.45 N.M. 0.01 1.00 0.06 4.38 
44.00 1.88 N.M. 0.01 1.00 0.07 1.80 2.37 N.M. 0.01 1.00 0.06 2.31 2.74 N.M. 0.01 1.00 0.09 2.65 
46.00 1.74 N.M. 0.00 1.00 0.03 1.72 1.85 N.M. 0.01 1.00 0.08 1.77 2.17 N.M. 0.01 1.00 0.11 2.05 
48.00 1.86 N.M. 0.00 1.00 0.02 1.84 1.91 N.M. 0.01 1.00 0.09 1.82 2.16 N.M. 0.00 1.00 0.04 2.12 
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Table 68 Taff Merthyr Non-Aerated Column Data, N.M. is Not Measured 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-2.00 6.08 N.M. 0.63 1.00 5.84 0.24 6.38 N.M. 0.63 1.00 5.84 0.54 6.38 N.M. 0.63 1.00 5.84 0.54 
0.00 5.78 N.M. 0.50 1.00 4.58 1.20 5.65 N.M. 0.48 1.00 4.40 1.25 6.19 N.M. 0.44 1.00 4.07 2.12 
2.00 5.87 N.M. 0.35 1.00 3.20 2.67 5.74 N.M. 0.35 1.00 3.20 2.54 6.35 N.M. 0.35 1.00 3.20 3.15 
4.00 5.75 N.M. 0.24 1.00 2.23 3.52 5.84 N.M. 0.25 1.00 2.26 3.58 6.26 N.M. 0.28 1.00 2.60 3.66 
6.00 5.63 N.M. 0.15 1.00 1.40 4.23 5.59 N.M. 0.17 1.00 1.58 4.01 6.15 N.M. 0.19 1.00 1.77 4.38 
8.00 5.55 N.M. 0.11 1.00 1.00 4.55 5.68 N.M. 0.13 1.00 1.15 4.52 6.28 N.M. 0.14 1.00 1.33 4.95 
10.00 5.53 N.M. 0.06 1.00 0.59 4.94 5.52 N.M. 0.10 1.00 0.89 4.63 6.05 N.M. 0.11 1.00 1.02 5.03 
12.00 5.16 N.M. 0.04 1.00 0.32 4.84 5.37 N.M. 0.07 1.00 0.66 4.71 5.94 N.M. 0.09 1.00 0.81 5.13 
14.00 4.93 N.M. 0.02 1.00 0.15 4.78 5.42 N.M. 0.05 1.00 0.43 4.99 5.94 N.M. 0.07 1.00 0.66 5.29 
16.00 5.10 N.M. 0.03 1.00 0.24 4.86 5.38 N.M. 0.06 1.00 0.54 4.84 5.79 N.M. 0.07 1.00 0.61 5.18 
18.00 4.68 N.M. 0.02 1.00 0.16 4.52 5.01 N.M. 0.04 1.00 0.36 4.65 5.64 N.M. 0.05 1.00 0.45 5.19 
20.00 4.44 N.M. 0.01 1.00 0.11 4.33 4.51 N.M. 0.04 1.00 0.35 4.16 5.43 N.M. 0.05 1.00 0.48 4.95 
22.00 4.19 N.M. 0.00 1.00 0.03 4.17 4.56 N.M. 0.05 1.00 0.48 4.08 5.29 N.M. 0.05 1.00 0.48 4.81 
24.00 4.50 N.M. 0.02 1.00 0.14 4.37 4.70 N.M. 0.04 1.00 0.36 4.34 5.60 N.M. 0.05 1.00 0.50 5.10 
26.00 4.52 N.M. 0.04 1.00 0.35 4.17 4.73 N.M. 0.04 1.00 0.35 4.38 5.19 N.M. 0.05 1.00 0.45 4.74 
28.00 4.25 N.M. 0.02 1.00 0.17 4.08 4.43 N.M. 0.04 1.00 0.34 4.09 5.39 N.M. 0.06 1.00 0.56 4.83 
30.00 4.71 N.M. 0.03 1.00 0.27 4.44 4.24 N.M. 0.04 1.00 0.36 3.88 5.03 N.M. 0.06 1.00 0.52 4.52 
44.00 2.13 N.M. 0.01 1.00 0.08 2.04 2.37 N.M. 0.02 1.00 0.21 2.16 3.00 N.M. 0.05 1.00 0.43 2.57 
46.00 2.18 N.M. 0.01 1.00 0.11 2.07 1.92 N.M. 0.03 1.00 0.24 1.68 2.64 N.M. 0.03 1.00 0.31 2.33 
48.00 2.12 N.M. 0.01 1.00 0.13 1.99 2.42 N.M. 0.03 1.00 0.24 2.18 2.33 N.M. 0.03 1.00 0.25 2.08 
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Table 69 Tan-Y-Garn Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-2.50 35.76 34.94 0.82 5.00 37.84 -2.07 35.76 34.94 0.82 5.00 37.84 -2.07 35.76 34.94 0.82 5.00 37.84 -2.07 
0.00 35.19 34.68 0.71 5.00 32.94 2.25 35.21 35.33 0.75 5.00 34.60 0.61 36.08 36.38 0.77 5.00 35.53 0.55 
1.50 35.63 34.47 0.72 5.00 33.26 2.37 36.48 35.12 0.73 5.00 33.63 2.85 38.28 36.85 0.72 5.00 33.17 5.11 
4.50 37.61 36.12 0.65 5.00 30.17 7.44 38.23 37.86 0.76 5.00 34.97 3.26 39.01 38.14 0.76 5.00 35.06 3.95 
19.50 34.45 28.39 0.59 5.00 27.12 7.33 31.21 29.91 0.60 5.00 27.49 3.73 31.52 26.85 0.62 5.00 28.60 2.92 
22.50 32.95 24.86 0.57 5.00 26.29 6.66 34.17 27.96 0.58 5.00 26.84 7.33 34.32 26.58 0.54 5.00 24.76 9.55 
25.50 33.57 25.59 0.57 5.00 26.42 7.15 32.22 27.45 0.56 5.00 25.82 6.40 34.94 27.57 0.58 5.00 26.89 8.05 
28.50 32.67 25.40 0.51 5.00 23.42 9.25 32.05 26.26 0.52 5.00 23.79 8.26 34.42 25.22 0.52 5.00 24.02 10.39 
45.00 24.12 19.08 0.42 5.00 19.22 4.90 24.52 16.31 0.43 5.00 19.73 4.79 21.07 17.09 0.40 5.00 18.34 2.73 
48.00 23.13 17.37 0.42 5.00 19.22 3.91 23.03 18.47 0.41 5.00 19.13 3.90 23.53 18.46 0.42 5.00 19.45 4.08 
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Table 70 Tan-Y-Garn Non-Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-2.50 35.76 34.94 0.82 5.00 37.84 -2.07 35.76 34.94 0.82 5.00 37.84 -2.07 35.76 34.94 0.82 5.00 37.84 -2.07 
0.00 35.64 35.41 0.75 5.00 34.65 0.99 36.35 37.23 0.75 5.00 34.83 1.51 37.19 36.22 0.78 5.00 35.85 1.34 
1.50 37.24 37.34 0.77 5.00 35.62 1.62 39.03 37.94 0.76 5.00 35.11 3.92 38.71 37.16 0.78 5.00 35.99 2.72 
4.50 40.80 40.23 0.76 5.00 34.97 5.83 39.27 39.63 0.76 5.00 35.16 4.11 40.00 39.02 0.73 5.00 33.59 6.42 
19.50 34.17 33.16 0.70 5.00 32.20 1.97 34.32 32.47 0.70 5.00 32.48 1.85 35.79 33.23 0.68 5.00 31.60 4.19 
22.50 35.92 33.25 0.66 5.00 30.58 5.34 35.94 34.44 0.67 5.00 30.77 5.18 36.83 34.41 0.66 5.00 30.68 6.16 
25.50 35.62 33.59 0.57 5.00 26.29 9.33 33.07 31.54 0.67 5.00 30.81 2.25 35.64 32.00 0.64 5.00 29.34 6.31 
28.50 31.16 28.76 0.65 5.00 29.84 1.32 32.81 29.25 0.66 5.00 30.31 2.50 32.40 30.01 0.64 5.00 29.38 3.02 
45.00 26.92 23.53 0.52 5.00 23.88 3.03 27.00 23.57 0.55 5.00 25.41 1.59 29.15 26.05 0.55 5.00 25.41 3.74 
48.00 30.22 24.17 0.55 5.00 25.55 4.67 27.78 23.01 0.57 5.00 26.29 1.49 26.55 22.57 0.52 5.00 24.12 2.44 
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Table 71 Vivian Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-2.00 14.46 14.52 0.37 5.00 17.09 -2.63 14.46 14.52 0.37 5.00 17.09 -2.63 14.46 14.52 0.37 5.00 17.09 -2.63 
0.00 14.74 11.23 0.29 5.00 13.58 1.16 14.81 11.13 0.30 5.00 13.67 1.14 16.13 11.01 0.29 5.00 13.58 2.55 
2.00 16.04 8.65 0.23 5.00 10.81 5.23 16.43 8.83 0.23 5.00 10.76 5.67 16.08 8.86 0.20 5.00 9.38 6.71 
4.50 16.21 4.47 0.15 5.00 6.70 9.51 16.20 4.69 0.14 5.00 6.65 9.55 16.03 4.64 0.15 5.00 6.70 9.33 
20.00 4.25 0.09 0.09 1.00 0.82 3.43 3.96 0.15 0.09 1.00 0.84 3.12 10.44 0.89 0.28 1.00 2.61 7.82 
22.50 3.05 0.13 0.07 1.00 0.64 2.41 3.57 0.12 0.07 1.00 0.64 2.94 8.91 0.83 0.08 1.00 0.69 8.22 
25.50 2.68 0.05 0.06 1.00 0.53 2.15 2.73 0.06 0.06 1.00 0.54 2.19 2.73 0.05 0.06 1.00 0.54 2.20 
28.50 2.14 0.00 0.04 1.00 0.40 1.74 2.32 0.00 0.04 1.00 0.41 1.92 2.42 0.01 0.05 1.00 0.44 1.98 
45.00 1.25 -0.04 0.02 1.00 0.19 1.06 1.21 -0.04 0.03 1.00 0.23 0.98 1.31 -0.04 0.03 1.00 0.24 1.07 
48.00 1.07 -0.04 0.02 1.00 0.20 0.87 1.09 -0.04 0.02 1.00 0.21 0.88 1.09 -0.04 0.02 1.00 0.19 0.90 
 
 
 
 
 
 
 275 
 
Table 72 Vivian Non-Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-2.00 15.19 15.25 0.37 5.00 17.09 -1.91 15.19 15.25 0.37 5.00 17.09 -1.91 15.19 15.25 0.37 5.00 17.09 -1.91 
0.00 12.14 9.94 0.23 5.00 10.67 1.47 12.11 10.26 0.28 5.00 13.03 -0.92 12.57 10.91 0.27 5.00 12.38 0.19 
2.00 12.70 8.30 0.21 5.00 9.84 2.86 12.76 8.55 0.23 5.00 10.58 2.18 12.99 9.54 0.24 5.00 11.04 1.95 
4.50 12.55 5.92 0.19 5.00 8.59 3.96 12.49 6.17 0.18 5.00 8.36 4.13 12.69 6.40 0.18 5.00 8.22 4.47 
20.00 3.23 0.24 0.09 1.00 0.81 2.42 9.77 0.84 0.27 1.00 2.47 7.30 10.43 0.95 0.28 1.00 2.61 7.82 
22.50 8.08 0.79 0.21 1.00 1.96 6.12 9.06 0.80 0.22 1.00 2.06 7.00 3.16 0.12 0.22 1.00 2.02 1.14 
25.50 6.11 0.58 0.17 1.00 1.53 4.58 6.42 0.61 0.16 1.00 1.51 4.91 6.61 0.62 0.18 1.00 1.64 4.98 
28.50 5.20 0.31 0.13 1.00 1.16 4.04 5.21 0.38 0.14 1.00 1.28 3.92 5.30 0.38 0.14 1.00 1.25 4.06 
45.00 2.50 -0.02 0.04 1.00 0.33 2.17 2.62 -0.01 0.04 1.00 0.35 2.27 2.90 -0.01 0.05 1.00 0.47 2.43 
48.00 2.41 -0.03 0.03 1.00 0.31 2.09 2.30 -0.03 0.04 1.00 0.33 1.97 2.34 -0.03 0.04 1.00 0.32 2.01 
 
 
 
 
 
 
 276 
 
Table 73 Ynysarwed Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-2.50 71.70 71.52 1.68 5.00 77.75 -6.05 71.70 71.52 1.68 5.00 77.75 -6.05 71.70 71.52 1.68 5.00 77.75 -6.05 
0.00 70.63 71.10 1.64 5.00 75.53 -4.91 70.35 69.84 1.49 5.00 68.93 1.42 69.44 69.00 1.53 5.00 70.50 -1.05 
1.50 69.47 70.15 1.43 5.00 65.88 3.60 71.27 69.90 1.48 5.00 68.23 3.04 69.97 69.03 1.50 5.00 69.11 0.86 
4.50 69.85 68.92 1.29 5.00 59.64 10.21 70.33 70.24 1.29 5.00 59.73 10.60 71.99 71.25 1.32 5.00 60.93 11.06 
19.50 37.39 36.45 0.68 5.00 31.23 6.16 37.14 37.21 0.72 5.00 33.08 4.06 42.46 32.39 0.82 5.00 37.79 4.67 
22.50 35.69 28.86 0.68 5.00 31.23 4.46 36.13 26.62 0.68 5.00 31.37 4.76 39.76 31.63 0.80 5.00 36.77 2.98 
25.50 34.53 26.26 0.68 5.00 31.51 3.02 34.76 26.07 0.68 5.00 31.37 3.40 35.22 26.17 0.66 5.00 30.54 4.68 
28.50 33.03 24.13 0.61 5.00 28.27 4.76 33.35 24.49 0.61 5.00 27.95 5.40 34.61 25.35 0.65 5.00 30.17 4.44 
45.00 26.92 18.81 0.45 5.00 20.88 6.04 27.15 18.55 0.44 5.00 20.28 6.86 27.27 18.27 0.43 5.00 19.77 7.50 
48.00 25.29 17.13 0.41 5.00 18.99 6.31 26.49 17.90 0.37 5.00 17.23 9.26 26.40 18.38 0.43 5.00 19.73 6.68 
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Table 74 Ynysarwed Non-Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-2.50 75.28 75.09 1.68 5.00 77.75 -2.47 75.28 75.09 1.68 5.00 77.75 -2.47 75.28 75.09 1.68 5.00 77.75 -2.47 
0.00 70.51 70.16 1.61 5.00 74.52 -4.01 72.08 71.54 1.63 5.00 75.39 -3.31 70.05 71.26 1.57 5.00 72.53 -2.48 
1.50 70.96 71.34 1.53 5.00 70.68 0.28 72.17 73.72 1.60 5.00 74.01 -1.83 73.26 72.77 1.61 5.00 74.38 -1.11 
4.50 74.73 74.79 1.57 5.00 72.58 2.15 74.18 73.84 1.55 5.00 71.79 2.39 74.95 70.68 1.54 5.00 70.96 3.99 
19.50 49.18 41.27 1.08 5.00 49.80 -0.62 54.97 47.63 1.19 5.00 54.79 0.18 55.97 49.81 1.25 5.00 57.79 -1.82 
22.50 51.99 45.17 1.13 5.00 52.30 -0.30 51.39 43.34 1.11 5.00 51.46 -0.07 54.05 46.46 1.17 5.00 53.82 0.23 
25.50 50.75 42.82 1.11 5.00 51.09 -0.34 50.57 43.26 1.14 5.00 52.48 -1.91 49.94 43.19 1.08 5.00 49.89 0.05 
28.50 49.74 42.29 1.04 5.00 48.05 1.70 50.48 44.03 1.04 5.00 47.95 2.53 51.64 44.15 1.04 5.00 47.95 3.69 
45.00 42.32 35.27 0.85 5.00 39.31 3.01 42.91 36.02 0.83 5.00 38.21 4.71 43.57 35.87 0.86 5.00 39.64 3.94 
48.00 41.74 34.45 0.83 5.00 38.34 3.39 42.45 35.20 0.81 5.00 37.19 5.26 43.45 35.68 0.82 5.00 37.93 5.52 
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Table 75 Clough Foot Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-6.00 30.60 28.60 7.80 22.80 30.60 28.60 7.80 22.80 30.60 28.60 7.80 22.80 
0.00 31.80 26.00 26.70 5.10 31.00 28.00 27.10 3.90 31.00 28.00 27.80 3.20 
16.00 27.40 22.60 24.90 2.50 28.20 25.40 23.00 5.20 27.60 24.60 24.50 3.10 
19.00 25.40 22.70 23.90 1.50 25.00 24.30 22.50 2.50 24.40 23.40 24.00 0.40 
22.00 24.80 21.20 23.60 1.20 26.00 22.40 24.10 1.90 25.00 23.60 23.50 1.50 
25.00 24.90 20.70 22.90 2.00 25.40 23.20 23.40 2.00 25.70 21.50 24.30 1.40 
40.00 23.20 19.00 19.20 4.00 23.70 21.00 21.30 2.40 23.00 21.90 21.50 1.50 
43.00 22.90 19.20 20.20 2.70 23.00 20.90 20.20 2.80 21.40 21.20 20.80 0.60 
46.00 22.70 19.20 20.30 2.40 22.20 20.20 20.40 1.80 22.30 20.00 20.40 1.90 
48.00 22.10 19.00 20.00 2.10 22.00 19.80 19.80 2.20 22.20 19.60 20.30 1.90 
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Table 76 Clough Foot Non-Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-6.00 30.60 28.60 7.80 22.80 30.60 28.60 7.80 22.80 30.60 28.60 7.80 22.80 
0.00 27.80 27.40 26.40 1.40 31.40 27.00 27.40 4.00 29.00 28.20 27.90 1.10 
16.00 26.80 24.60 24.60 2.20 28.00 24.40 23.80 4.20 24.60 24.10 25.10 -0.50 
19.00 25.40 24.40 23.60 1.80 24.60 24.10 23.80 0.80 24.90 24.10 23.70 1.20 
22.00 24.60 23.40 24.40 0.20 25.70 22.90 24.20 1.50 25.60 24.20 23.90 1.70 
25.00 25.00 23.50 23.70 1.30 25.30 23.50 22.80 2.50 24.90 24.00 23.50 1.40 
40.00 23.30 22.30 21.50 1.80 22.70 21.50 20.10 2.60 22.90 21.80 22.00 0.90 
43.00 22.30 21.30 21.20 1.10 21.60 21.40 21.10 0.50 22.80 20.80 21.30 1.50 
46.00 22.40 20.40 20.10 2.30 22.20 20.20 20.20 2.00 22.00 20.60 20.50 1.50 
48.00 22.20 20.40 19.90 2.30 22.00 19.80 20.00 2.00 21.30 20.10 20.00 1.30 
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Table 77 Sheephouse Wood Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-2.00 18.60 17.40 18.20 0.40 18.60 17.40 18.20 0.40 18.60 17.40 18.20 0.40 
0.00 16.90 14.90 15.50 1.40 17.20 16.30 16.30 0.90 17.50 17.40 16.60 0.90 
4.00 16.90 13.50 15.40 1.50 17.10 15.40 15.40 1.70 17.20 15.80 15.90 1.30 
20.00 14.90 12.40 12.50 2.40 14.90 13.00 12.70 2.20 14.70 11.70 12.60 2.10 
23.00 14.50 11.70 11.70 2.80 12.40 11.80 11.40 1.00 13.30 12.30 11.40 1.90 
26.00 13.40 11.20 11.30 2.10 14.50 11.50 11.60 2.90 13.60 11.50 11.80 1.80 
30.00 11.70 9.70 10.50 1.20 12.90 10.10 10.10 2.80 11.70 10.70 10.90 0.80 
45.00 9.50 7.40 8.20 1.30 9.10 8.60 8.70 0.40 10.50 8.60 8.90 1.60 
48.00 9.60 8.00 7.70 1.90 8.80 8.10 8.30 0.50 9.40 8.40 8.40 1.00 
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Table 78 Sheephouse Wood Non-Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-2.00 18.60 17.40 18.20 0.40 18.60 17.40 18.20 0.40 18.60 17.40 18.20 0.40 
0.00 15.60 14.10 14.80 0.80 16.90 14.70 16.00 0.90 17.80 16.70 16.20 1.60 
4.00 16.60 15.70 15.50 1.10 16.50 14.70 15.30 1.20 16.80 15.50 16.10 0.70 
20.00 14.30 12.70 12.40 1.90 14.30 13.00 12.70 1.60 14.80 12.40 12.90 1.90 
23.00 13.10 12.10 12.30 0.80 14.10 12.70 11.90 2.20 13.80 12.60 12.50 1.30 
26.00 13.40 12.20 11.90 1.50 13.30 12.20 12.20 1.10 12.70 12.50 12.20 0.50 
30.00 12.80 11.20 10.70 2.10 12.20 11.70 11.10 1.10 14.00 11.40 11.40 2.60 
45.00 10.00 9.10 9.00 1.00 9.70 9.40 8.80 0.90 10.20 9.10 9.00 1.20 
48.00 9.30 8.20 8.20 1.10 9.20 8.40 8.50 0.70 10.20 8.20 8.60 1.60 
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Table 79 Parys Mountain Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-7.00 544.11 533.14 0.50 100.00 459.20 84.91 544.11 533.14 0.50 100.00 459.20 84.91 544.11 533.14 0.50 100.00 459.20 84.91 
0.00 515.82 518.03 0.45 100.00 416.70 99.12 521.00 533.10 0.45 100.00 413.93 107.07 529.52 539.78 0.46 100.00 422.25 107.27 
14.00 530.20 530.60 0.42 100.00 388.98 141.21 549.33 544.93 0.43 100.00 397.30 152.03 545.78 552.62 0.41 100.00 381.59 164.19 
17.00 538.98 534.71 0.41 100.00 379.74 159.24 555.88 558.39 0.41 100.00 376.97 178.91 555.10 563.64 0.43 100.00 393.60 161.50 
20.50 560.47 556.34 0.38 100.00 350.18 210.29 565.54 415.17 0.40 100.00 368.66 196.88 554.89 558.50 0.40 100.00 373.28 181.62 
38.00 538.24 536.06 0.37 100.00 340.94 197.31 554.04 558.49 0.35 100.00 325.23 228.81 545.78 550.22 0.39 100.00 359.42 186.37 
41.00 540.65 539.07 0.37 100.00 343.71 196.94 556.55 544.98 0.40 100.00 372.35 184.20 550.98 548.02 0.39 100.00 361.26 189.72 
64.50 547.79 541.57 0.35 100.00 327.08 220.71 561.68 556.36 0.39 100.00 362.19 199.49 558.74 560.69 0.39 100.00 361.26 197.48 
67.00 552.34 532.19 0.35 100.00 326.15 226.19 558.78 558.68 0.39 100.00 364.04 194.74 551.02 562.09 0.40 100.00 364.96 186.06 
86.50 551.45 548.53 0.32 100.00 296.59 254.86 559.47 556.41 0.39 100.00 357.57 201.90 557.34 555.86 0.39 100.00 364.04 193.31 
111.00 548.28 540.31 0.32 100.00 298.44 249.84 559.36 559.32 0.39 100.00 361.26 198.10 558.30 562.19 0.40 100.00 370.50 187.80 
182.00 547.25 537.74 0.29 100.00 271.64 275.61 556.88 565.20 0.41 100.00 375.12 181.76 563.15 558.25 0.41 100.00 378.82 184.33 
376.00 501.62 504.08 0.16 100.00 143.21 358.40 553.99 547.36 0.40 100.00 368.66 185.33 556.41 561.82 0.40 100.00 368.66 187.75 
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Table 80 Parys Mountain Non-Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
Absorbance 
Fe(II) 
Dilution 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-7.00 544.11 533.14 0.50 100.00 459.20 84.91 544.11 533.14 0.50 100.00 459.20 84.91 544.11 533.14 0.50 100.00 459.20 84.91 
0.00 529.14 526.18 0.44 100.00 410.23 118.91 538.16 545.39 0.45 100.00 419.47 118.69 542.92 550.89 0.45 100.00 413.01 129.92 
14.00 551.43 553.98 0.42 100.00 385.29 166.15 554.42 552.11 0.42 100.00 388.98 165.44 551.73 549.21 0.43 100.00 393.60 158.13 
17.00 564.57 559.08 0.42 100.00 389.91 174.66 565.18 551.38 0.43 100.00 392.68 172.50 568.75 567.88 0.43 100.00 399.15 169.60 
20.50 564.30 558.11 0.42 100.00 391.75 172.55 563.83 554.27 0.42 100.00 384.36 179.47 549.02 550.64 0.42 100.00 387.14 161.88 
38.00 552.16 552.69 0.42 100.00 388.06 164.10 555.28 553.55 0.42 100.00 383.44 171.84 558.56 555.39 0.42 100.00 388.06 170.50 
41.00 548.07 549.71 0.41 100.00 382.52 165.55 547.65 556.02 0.42 100.00 388.98 158.67 555.17 555.38 0.41 100.00 380.67 174.51 
64.50 569.62 568.70 0.41 100.00 382.52 187.11 567.82 565.39 0.41 100.00 382.52 185.30 561.60 561.90 0.41 100.00 382.52 179.09 
67.00 558.80 555.32 0.41 100.00 376.97 181.83 559.29 562.39 0.41 100.00 377.90 181.39 563.12 564.26 0.41 100.00 378.82 184.30 
86.50 558.93 557.01 0.41 100.00 374.20 184.73 552.88 560.63 0.41 100.00 378.82 174.06 556.69 557.64 0.42 100.00 383.44 173.25 
111.00 567.30 559.17 0.40 100.00 367.73 199.57 565.69 555.84 0.40 100.00 369.58 196.11 570.31 568.84 0.40 100.00 367.73 202.57 
182.00 558.89 565.08 0.41 100.00 374.20 184.69 565.63 566.65 0.39 100.00 363.11 202.52 565.64 566.49 0.40 100.00 367.73 197.90 
376.00 553.40 553.07 0.33 100.00 304.90 248.50 553.10 550.83 0.35 100.00 322.46 230.64 548.50 555.62 0.35 100.00 321.53 226.96 
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Table 81 Site 1 Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-5.50 133.24 45.94 29.28 103.96 133.24 45.94 29.28 103.96 133.24 45.94 29.28 103.96 
0.00 145.37 43.87 25.35 120.02 126.86 41.65 31.31 95.55 127.41 48.70 25.44 101.97 
14.00 117.28 20.60 11.80 105.48 116.66 24.15 7.35 109.31 117.87 31.17 8.44 109.43 
20.50 106.59 18.04 5.80 100.79 108.42 19.90 2.64 105.78 114.95 19.05 3.41 111.54 
38.00 95.60 23.81 3.47 92.13 96.37 26.02 2.16 94.21 95.74 23.57 2.56 93.18 
44.50 91.47 21.90 3.40 88.07 93.92 22.90 2.29 91.63 90.22 20.96 2.73 87.49 
62.00 85.78 23.15 2.83 82.95 86.75 35.32 2.47 84.28 87.18 23.59 2.56 84.62 
68.50 86.05 12.64 2.45 83.60 87.49 8.63 2.57 84.92 88.48 7.12 2.46 86.02 
86.00 85.81 8.09 2.56 83.25 81.04 10.54 2.38 78.66 79.30 8.88 2.79 76.51 
92.50 83.09 5.62 2.91 80.18 82.93 4.22 2.41 80.52 81.00 4.86 2.31 78.69 
158.00 79.72 4.08 2.28 77.44 76.46 3.94 2.06 74.40 76.43 3.80 2.57 73.86 
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Table 82 Site 1 Non-Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-5.50 133.24 45.94 29.28 103.96 133.24 45.94 29.28 103.96 133.24 45.94 29.28 103.96 
0.00 126.51 47.41 24.30 102.21 126.74 45.91 24.78 101.96 129.47 45.92 26.33 103.14 
14.00 118.40 26.35 8.53 109.87 116.37 30.24 6.31 110.06 116.68 28.85 7.46 109.22 
20.50 106.85 19.05 1.82 105.03 109.63 10.65 2.76 106.87 108.36 15.03 1.78 106.58 
38.00 95.96 31.38 2.61 93.35 92.11 24.31 2.85 89.26 108.41 28.27 2.84 105.57 
44.50 97.94 33.57 2.66 95.28 101.40 26.37 2.75 98.65 108.97 23.75 2.75 106.22 
62.00 89.34 20.92 2.62 86.72 87.16 21.33 2.49 84.67 87.18 20.54 2.74 84.44 
68.50 84.00 6.03 2.43 81.57 89.61 6.48 2.93 86.68 86.89 6.29 2.67 84.22 
86.00 84.54 9.55 2.80 81.74 83.10 10.33 2.64 80.46 83.20 9.33 2.27 80.93 
92.50 84.53 4.30 2.34 82.19 83.11 3.55 2.59 80.52 82.15 4.31 2.65 79.50 
158.00 76.59 5.02 2.52 74.07 76.45 4.52 2.16 74.29 75.34 4.45 2.06 73.28 
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Table 83 Site 2 Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-6.75 14.81 6.05 4.04 10.77 14.81 6.05 4.04 10.77 14.81 6.05 4.04 10.77 
0.00 4.79 0.23 0.20 4.59 6.66 0.09 0.26 6.40 6.16 0.23 0.13 6.03 
13.50 5.11 0.04 0.03 5.08 4.78 0.03 0.05 4.73 4.62 0.02 0.02 4.60 
21.00 3.45 0.02 0.04 3.41 3.29 0.04 0.02 3.27 2.74 0.02 0.02 2.72 
38.50 1.25 0.04 0.02 1.23 1.56 0.03 0.02 1.54 1.69 0.02 0.02 1.67 
45.00 1.05 0.02 0.02 1.03 1.14 0.02 0.02 1.12 1.72 0.02 0.01 1.71 
62.50 0.74 0.01 0.02 0.72 0.64 0.02 0.02 0.62 0.86 0.02 0.02 0.84 
68.50 0.55 0.02 0.02 0.53 0.87 0.03 0.01 0.86 0.82 0.01 0.02 0.80 
134.50 0.36 0.01 0.02 0.34 0.34 0.02 0.02 0.32 0.36 0.02 0.02 0.34 
141.00 0.30 0.02 0.01 0.29 0.37 0.01 0.01 0.36 0.40 0.02 0.02 0.38 
158.00 0.26 0.02 0.02 0.24 0.28 0.01 0.02 0.26 0.29 0.02 0.01 0.28 
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Table 84 Site 2 Non-Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Total Fe 
(mg/L) 
Dissolved 
Fe 
(mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
-6.75 14.81 6.05 4.04 10.77 14.81 6.05 4.04 10.77 14.81 6.05 4.04 10.77 
0.00 7.48 0.13 0.13 7.35 6.41 0.02 0.10 6.31 6.21 0.25 0.05 6.16 
13.50 4.05 0.03 0.03 4.02 3.49 0.02 0.03 3.46 3.68 0.02 0.02 3.66 
21.00 2.25 0.02 0.02 2.23 2.72 0.01 0.02 2.70 2.47 0.01 0.01 2.46 
38.50 1.04 0.01 0.02 1.02 1.23 0.01 0.01 1.22 1.28 0.02 0.01 1.27 
45.00 1.00 0.01 0.02 0.98 0.97 0.01 0.01 0.96 1.05 0.01 0.01 1.04 
62.50 0.65 0.03 0.02 0.63 0.65 0.01 0.01 0.64 0.68 0.02 0.01 0.67 
68.50 0.58 0.02 0.02 0.56 0.56 0.01 0.01 0.55 0.58 0.01 0.02 0.56 
134.50 0.24 0.02 0.02 0.22 0.33 0.01 0.02 0.31 0.30 0.02 0.02 0.28 
141.00 0.26 0.02 0.01 0.25 0.35 0.01 0.01 0.34 0.40 0.02 0.02 0.38 
158.00 0.28 0.01 0.01 0.27 0.26 0.02 0.01 0.25 0.27 0.02 0.02 0.25 
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Table 85 Site 3 Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total 
Fe 
(mg/L) 
Dissolved 
Fe (mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Al 
(mg/L) 
Total 
Fe 
(mg/L) 
Dissolved 
Fe (mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Al 
(mg/L) 
Total 
Fe 
(mg/L) 
Dissolved 
Fe (mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Al 
(mg/L) 
-9.50 234.21 54.23 28.14 206.07 93.67 234.21 54.23 28.14 206.07 93.67 234.21 54.23 28.14 206.07 93.67 
0.00 203.89 61.33 26.89 177.00 79.97 212.98 70.03 23.97 189.01 88.40 215.14 69.50 25.72 189.42 86.85 
14.50 203.74 64.52 22.21 181.53 75.76 208.79 75.93 22.39 186.40 78.80 213.67 88.17 21.37 192.30 72.26 
37.00 207.15 87.32 21.91 185.24 79.43 195.87 89.71 20.94 174.93 79.24 209.44 92.90 18.02 191.42 79.37 
61.00 204.59 82.15 12.81 191.78 80.47 205.51 80.65 13.73 191.78 78.01 209.05 71.06 14.30 194.75 83.71 
85.00 205.49 48.76 4.98 200.51 82.91 205.36 44.65 8.45 196.91 82.82 203.05 55.76 11.75 191.30 83.69 
133.00 200.77 52.73 5.52 195.25 83.11 199.73 66.24 7.38 192.35 78.69 194.07 65.23 8.08 185.99 80.03 
156.50 203.89 116.35 6.59 197.30 80.30 195.80 117.62 5.54 190.26 77.43 204.80 127.86 6.27 198.53 81.45 
180.50 198.54 53.46 5.27 193.27 81.31 183.35 46.23 4.71 178.64 79.96 197.25 47.26 4.98 192.27 82.01 
566.50 182.40 74.37 N.M. 182.40 82.76 170.32 70.07 N.M. 170.32 83.30 172.53 65.91 N.M. 172.53 79.21 
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Table 86 Site 3 Non-Aerated Column Data 
 Top Sampling Port (1.8m) Middle Sampling Port (1.2m) Bottom Sampling Port (0.6m) 
Hour Total 
Fe 
(mg/L) 
Dissolved 
Fe (mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Al 
(mg/L) 
Total 
Fe 
(mg/L) 
Dissolved 
Fe (mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Al 
(mg/L) 
Total 
Fe 
(mg/L) 
Dissolved 
Fe (mg/L) 
Fe(II) 
(mg/L) 
Fe(III) 
(mg/L) 
Al 
(mg/L) 
-9.50 234.21 54.23 28.14 206.07 93.67 234.21 54.23 28.14 206.07 93.67 234.21 54.23 28.14 206.07 93.67 
0.00 171.21 74.16 24.43 146.78 89.49 214.79 72.64 23.72 191.07 87.83 223.64 82.13 25.33 198.31 69.34 
14.50 205.14 89.77 21.92 183.22 77.65 205.41 94.71 24.43 180.98 80.97 207.31 102.17 22.56 184.75 87.72 
37.00 205.90 98.14 21.99 183.91 81.87 206.20 80.95 20.32 185.88 84.56 206.22 89.43 22.23 183.99 82.76 
61.00 207.36 62.99 21.70 185.66 82.94 206.72 55.20 12.77 193.95 82.80 204.75 53.06 11.75 193.00 81.08 
85.00 201.15 42.39 8.39 192.76 82.84 198.73 43.99 10.50 188.23 83.70 201.90 42.59 6.84 195.06 81.14 
133.00 197.98 82.81 8.97 189.01 83.36 198.55 100.25 10.41 188.14 77.85 199.48 104.55 6.41 193.07 82.07 
156.50 197.13 123.90 5.32 191.81 82.25 192.04 121.26 5.87 186.17 81.37 191.56 102.05 6.27 185.29 92.82 
180.50 192.46 50.06 7.90 184.56 83.33 195.85 46.53 4.84 191.01 80.66 191.98 45.54 7.28 184.70 89.61 
566.50 173.68 63.63 N.M. 173.68 80.65 169.74 55.78 N.M. 169.74 83.49 172.44 72.84 N.M. 172.44 78.29 
 
Table 87 Total Inorganic Elements Present in Sampled Mine Water at Glyncastle 
Element Concentration 
(mg/L) 
Element Concentration 
(mg/L) 
Sodium 57.87 Cobalt 0.01 
Calcium 133.00 Chromium b.d.t 
Magnesium 83.86 Copper b.d.t 
Potassium 17.94 Lithium 0.08 
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Iron 22.66 Molybdenum 0.01 
Aluminium b.d.t Nickel 0.04 
Manganese 1.77 Lead 0.01 
Silver b.d.t Antimony b.d.t 
Arsenic 0.14 Selenium 0.03 
Boron 0.04 Strontium 1.63 
Barium b.d.t Titanium b.d.t 
Beryllium b.d.t Thallium 0.01 
Bismuth b.d.t Vanadium b.d.t 
Cadmium b.d.t Zinc 0.07 
 
Table 88 Total Inorganic Elements Present in Sampled Mine Water at Gwenffrwd 
Element Concentration 
(mg/L) 
Element Concentration 
(mg/L) 
Sodium 
6.73 
Cobalt 
b.d.t 
Calcium 17.48 Chromium b.d.t 
Magnesium 12.83 Copper b.d.t 
Potassium 3.50 Lithium b.d.t 
Iron 7.47 Molybdenum b.d.t 
Aluminium 0.68 Nickel 0.01 
Manganese 0.72 Lead b.d.t 
Silver b.d.t Antimony b.d.t 
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Arsenic 0.05 Selenium b.d.t 
Boron 0.05 Strontium 0.13 
Barium b.d.t Titanium b.d.t 
Beryllium b.d.t Thallium b.d.t 
Bismuth b.d.t Vanadium b.d.t 
Cadmium b.d.t Zinc 0.02 
 
Table 89 Total Inorganic Elements Present in Sampled Mine Water at Lindsay 
Element Concentration 
(mg/L) 
Element Concentration 
(mg/L) 
Sodium 
418.00 
Cobalt 
b.d.t 
Calcium 163.64 Chromium <0.01 
Magnesium 114.24 Copper b.d.t 
Potassium 76.80 Lithium 0.28 
Iron 16.10 Molybdenum 0.01 
Aluminium b.d.t Nickel b.d.t 
Manganese 0.51 Lead b.d.t 
Silver b.d.t Antimony <0.01 
Arsenic b.d.t Selenium b.d.t 
Boron 0.33 Strontium 1.84 
Barium 0.04 Titanium 0.01 
Beryllium 0.01 Thallium 0.07 
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Bismuth b.d.t Vanadium 0.33 
Cadmium b.d.t Zinc 0.35 
 
Table 90 Total Inorganic Elements Present in Sampled Mine Water at Lindsay 
Element Concentration 
(mg/L) 
Element Concentration 
(mg/L) 
Sodium 
113.25 
Cobalt 
0.01 
Calcium 55.96 Chromium 0.01 
Magnesium 62.44 Copper b.d.t 
Potassium 59.61 Lithium 0.05 
Iron 14.73 Molybdenum 0.02 
Aluminium b.d.t Nickel 0.01 
Manganese 0.66 Lead 0.01 
Silver b.d.t Antimony 0.02 
Arsenic 0.14 Selenium b.d.t 
Boron N.M. Strontium 0.37 
Barium 0.04 Titanium 0.01 
Beryllium b.d.t Thallium 0 
Bismuth 0.02 Vanadium b.d.t 
Cadmium b.d.t Zinc 0.02 
 
Table 91 Total Inorganic Elements Present in Sampled Mine Water at Morlais 
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Element Concentration 
(mg/L) 
Element Concentration 
(mg/L) 
Sodium 
105.07 
Cobalt 
b.d.t 
Calcium 60.22 Chromium <0.01 
Magnesium 65.62 Copper b.d.t 
Potassium 58.76 Lithium 0.04 
Iron 16.59 Molybdenum <0.01 
Aluminium b.d.t Nickel b.d.t 
Manganese 0.70 Lead b.d.t 
Silver b.d.t Antimony b.d.t 
Arsenic 0.01 Selenium b.d.t 
Boron 0.05 Strontium 0.39 
Barium 0.05 Titanium 0.02 
Beryllium 0.01 Thallium 0.04 
Bismuth b.d.t Vanadium 0.34 
Cadmium b.d.t Zinc 0.35 
 
Table 92 Total Inorganic Elements Present in Sampled Mine Water at Ynysarwed 
Element Concentration 
(mg/L) 
Element Concentration 
(mg/L) 
Sodium 
72.32 
Cobalt 
0.02 
Calcium 127.15 Chromium 0.01 
Magnesium 75.10 Copper b.d.t 
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Potassium 18.92 Lithium 0.11 
Iron 73.51 Molybdenum 0.01 
Aluminium 0.53 Nickel 0.05 
Manganese 1.66 Lead 0.03 
Silver 0.12 Antimony 0.02 
Arsenic 0.07 Selenium b.d.t 
Boron 0.18 Strontium 0.04 
Barium 0.02 Titanium 0.02 
Beryllium 0.02 Thallium b.d.t 
Bismuth 0.01 Vanadium 0.05 
Cadmium <0.01 Zinc b.d.t 
 
Table 93 Total Inorganic Elements Present in Sampled Mine Water at Clough Foot 
Element Concentration 
(mg/L) 
Element Concentration 
(mg/L) 
Aluminium 
1.19 
Lithium 
0.04 
Antimony 0.02 Magnesium 20.59 
Arsenic 0.14 Manganese 1.85 
Barium 0.04 Molybdenum 0.01 
Beryllium <0.01 Nickel 0.05 
Bismuth 0.01 Potassium 4.45 
Boron 0.07 Selenium 0.04 
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Cadmium <0.01 Silver <0.01 
Calcium 75.14 Sodium 48.82 
Chromium <0.01 Strontium 0.27 
Cobalt 0.02 Thallium 0.06 
Copper 0.01 Titanium b.d.t 
Iron 32.54 Vanadium b.d.t 
Lead 0.01 Zinc 0.06 
 
Table 94 Total Inorganic Elements Present in Sampled Mine Water at Sheephouse Wood 
Element Concentration 
(mg/L) 
Element Concentration 
(mg/L) 
Aluminium 
b.d.t 
Lithium 
0.05 
Antimony 0.01 Magnesium 30.61 
Arsenic 0.15 Manganese 1.44 
Barium 0.03 Molybdenum 0.01 
Beryllium <0.01 Nickel 0.02 
Bismuth <0.01 Potassium 8.42 
Boron 0.27 Selenium 0.04 
Cadmium <0.01 Silver <0.01 
Calcium 121.70 Sodium 87.65 
Chromium <0.01 Strontium 0.63 
Cobalt 0.01 Thallium 0.08 
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Copper 0.01 Titanium b.d.t 
Iron 18.82 Vanadium b.d.t 
Lead 0.01 Zinc 0.03 
 
Table 95 Total Inorganic Elements Present in Sampled Mine Water at Site 1 
Element Concentration 
(mg/L) 
Element Concentration 
(mg/L) 
Aluminium 26.00 Magnesium 240.00 
Antimony < 0.01 Manganese 27.00 
Arsenic < 0.01 Molybdenum < 0.01 
Barium 0.01 Nickel 1.34 
Bismuth < 0.01 Potassium 10.60 
Boron 0.06 Rubidium 0.09 
Cadmium <0.01 Selenium <0.01 
Caesium 0.02 Silver < 0.01 
Calcium 280.00 Sodium 10.80 
Chromium <0.01 Strontium 0.53 
Cobalt 0.94 Thallium <0.01 
Copper 0.02 Tin < 0.01 
Iron 129.00 Uranium <0.01 
Lanthanum 0.01 Vanadium < 0.01 
Lead 0.01 Zinc 4.90 
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Lithium 0.25   
 
Table 96 Total Inorganic Elements Present in Sampled Mine Water at Site 2 
Element Concentration 
(mg/L) 
Element Concentration 
(mg/L) 
Aluminium < 0.01 Magnesium 16.70 
Antimony < 0.01 Manganese 0.37 
Arsenic <0.01 Molybdenum < 0.01 
Barium 0.60 Nickel 0.01 
Bismuth < 0.01 Potassium 3.10 
Boron 0.01 Rubidium 0.01 
Cadmium < 0.01 Selenium < 0.01 
Caesium <0.01 Silver < 0.01 
Calcium 20.00 Sodium 5.40 
Chromium < 0.01 Strontium 0.45 
Cobalt 0.01 Thallium < 0.01 
Copper <0.01 Tin < 0.01 
Iron 7.30 Uranium < 0.01 
Lanthanum < 0.01 Vanadium < 0.01 
Lead < 0.01 Zinc <0.01 
Lithium 0.04   
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Table 97 Total Inorganic Elements Present in Sampled Mine Water at Site 3 
Element Concentration 
(mg/L) 
Element Concentration 
(mg/L) 
Aluminium 107.00 Magnesium 56.00 
Antimony <0.01 Manganese 6.70 
Arsenic 0.14 Molybdenum 0.01 
Barium 0.12 Nickel 0.88 
Bismuth <0.01 Potassium 12.60 
Boron 0.02 Rubidium 0.14 
Cadmium 0.01 Selenium 0.01 
Caesium 0.03 Silver < 0.01 
Calcium 210.00 Sodium 5.40 
Chromium 0.11 Strontium 0.80 
Cobalt 0.40 Thallium 0.01 
Copper 0.25 Tin < 0.01 
Iron 240.00 Uranium 0.03 
Lanthanum 0.03 Vanadium 0.03 
Lead 0.03 Zinc 5.10 
Lithium 0.41   
 
Table 98 Total Inorganic Elements Present in Sampled Mine Water at Parys Mountain 
Element Concentration 
(mg/L) 
Element Concentration 
(mg/L) 
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Aluminium 
68.19 
Lithium 
0.11 
Antimony 0.05 Magnesium 100.36 
Arsenic 0.38 Manganese 16.59 
Barium b.d.t Molybdenum <0.01 
Beryllium 0.01 Nickel 0.16 
Bismuth b.d.t Potassium 1.05 
Boron b.d.t Selenium b.d.t 
Cadmium 0.14 Silver b.d.t 
Calcium 63.63 Sodium 14.30 
Chromium 0.03 Strontium 0.10 
Cobalt 0.30 Thallium b.d.t 
Copper 38.34 Titanium b.d.t 
Iron 540.08 Vanadium b.d.t 
Lead 0.06 Zinc 62.67 
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Table 99 Fe Concentrations Along the Taff Merthyr Lagoon at Depths of 0.3m and 0.8m Below the Surface 
Distance from Cascade (m) Depth Below Surface (m) Total Fe (mg/L) 
0 0.3 10.30 
10 0.3 7.38 
20 0.3 7.64 
30 0.3 6.97 
40 0.3 5.08 
50 0.3 4.96 
60 0.3 4.63 
70 0.3 6.82 
80 0.3 8.25 
90 0.3 3.72 
97 0 3.98 
90 0.8 1.56 
80 0.8 14.26 
70 0.8 18.05 
60 0.8 5.81 
50 0.8 5.54 
40 0.8 5.42 
30 0.8 5.43 
20 0.8 5.42 
10 0.8 5.19 
0 0.8 7.73 
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Table 100 Predicted Outlet Total Fe, Fe(II) and Fe(III) Concentrations for Lindsay 
Date 
(2015) 
Measured 
Fe(II) 
Measured 
Total Fe 
Measured 
Fe(III) 
Sapsford 
Fe(II) 
Sapsford 
Total Fe 
Sapsford 
Fe(III) 
Kusin 
Fe(II) 
Kusin 
Total 
Fe 
Kusin 
Fe(III) 
Tarutis 
Total Fe 
Hedin 
Total 
Fe 
Parker 
Total Fe 
PIRAMID 
Total Fe 
23/11 0.24 6.12 5.88 0.00 2.22 2.22 0.00 3.83 3.83 9.72 1.21 3.09 0.00 
24/11 0.24 6.12 5.88 0.00 2.37 2.37 0.00 3.74 3.74 8.91 0.88 3.74 0.00 
25/11 0.09 7.04 6.95 0.00 2.23 2.23 0.00 3.71 3.71 9.24 0.84 3.31 0.00 
26/11 0.03 5.63 5.60 0.00 1.83 1.83 0.00 3.07 3.07 7.70 0.00 2.69 0.00 
27/11 0.03 5.63 5.60 0.00 2.66 2.66 0.00 4.12 4.12 9.71 2.19 4.27 0.33 
28/11 0.03 5.03 5.00 0.00 2.72 2.72 0.00 4.11 4.11 9.55 2.18 4.44 0.72 
29/11 0.04 5.39 5.35 0.00 3.73 3.73 0.00 5.29 5.29 11.61 5.58 6.22 2.26 
30/11 0.00 7.10 7.10 0.00 3.91 3.91 0.00 5.06 5.06 10.11 4.57 6.41 3.65 
01/12 8.80 15.42 6.62 0.00 4.59 4.59 0.00 5.88 5.88 11.63 6.61 7.51 4.42 
02/12 0.40 6.23 5.83 0.00 5.96 5.96 0.00 8.11 8.11 17.12 13.16 9.92 4.59 
03/12 0.08 4.60 4.52 0.00 6.22 6.22 0.00 7.92 7.92 15.52 11.58 10.12 6.07 
04/12 0.03 5.86 5.83 0.00 3.86 3.86 0.00 5.26 5.26 11.11 5.29 6.42 2.94 
05/12 0.05 6.35 6.30 0.00 3.30 3.30 0.00 4.57 4.57 9.79 3.39 5.48 2.30 
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Table 101 Predicted Outlet Total Fe, Fe(II) and Fe(III) Concentrations for Morlais 
Date 
(2015) 
Measured 
Fe(II) 
Measured 
Total Fe 
Measured 
Fe(III) 
Sapsford 
Fe(II) 
Sapsford 
Total Fe 
Sapsford 
Fe(III) 
Kusin 
Fe(II) 
Kusin 
Total 
Fe 
Kusin 
Fe(III) 
Tarutis 
Total Fe 
Hedin 
Total 
Fe 
Parker 
Total Fe 
PIRAMID 
Total Fe 
23/11 
0.06 
10.94 10.88 0.00 3.80 3.80 0.00 5.19 5.19 
11.61 
6.98 6.32 5.17 
24/11 0.37 9.28 8.91 0.00 2.57 2.57 0.00 4.26 4.26 11.41 5.32 3.84 2.22 
25/11 1.63 10.41 8.78 0.00 2.47 2.47 0.00 3.62 3.62 8.67 2.70 4.08 3.08 
26/11 1.02 10.39 9.37 0.00 3.39 3.39 0.00 4.52 4.52 9.83 5.01 5.63 4.71 
27/11 0.47 12.39 11.92 0.00 3.04 3.04 0.00 4.45 4.45 10.67 5.26 5.04 3.82 
28/11 0.14 8.37 8.23 0.00 3.13 3.13 0.00 4.52 4.52 10.73 5.43 5.20 4.01 
29/11 0.36 10.08 9.72 0.00 3.69 3.69 0.00 4.97 4.97 10.97 6.31 6.14 5.09 
30/11 0.22 10.15 9.93 0.00 3.73 3.73 0.00 5.04 5.04 11.15 6.51 6.22 1.68 
01/12 0.60 10.04 9.44 0.00 4.65 4.65 0.00 6.26 6.26 13.81 9.81 7.74 6.41 
02/12 0.60 8.80 8.20 0.00 4.55 4.55 0.00 6.05 6.05 13.12 9.06 7.55 6.34 
03/12 1.15 9.76 8.61 0.00 3.52 3.52 0.00 4.80 4.80 10.70 5.88 5.86 4.80 
04/12 0.44 8.23 7.79 0.00 3.45 3.45 0.00 4.72 4.72 10.59 5.70 5.75 4.69 
05/12 0.11 7.74 7.63 0.00 4.03 4.03 0.00 5.15 5.15 10.66 6.40 6.59 5.69 
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Table 102 Predicted Outlet Total Fe, Fe(II) and Fe(III) Concentrations for Taff Merthyr 
Date 
(2015) 
Measured 
Fe(II) 
Measured 
Total Fe 
Measured 
Fe(III) 
Sapsford 
Fe(II) 
Sapsford 
Total Fe 
Sapsford 
Fe(III) 
Kusin 
Fe(II) 
Kusin 
Total 
Fe 
Kusin 
Fe(III) 
Tarutis 
Total Fe 
Hedin 
Total 
Fe 
Parker 
Total Fe 
PIRAMID 
Total Fe 
24/11 
0.49 
4.28 3.79 0.00 3.97 3.97 0.17 4.02 3.85 
4.30 
0.39 3.69 2.99 
25/11 0.76 4.54 3.78 0.00 3.44 3.44 0.17 3.48 3.31 3.72 0.00 3.19 2.58 
26/11 1.23 4.61 3.38 0.00 4.29 4.29 0.13 4.34 4.21 4.67 0.81 4.00 3.25 
27/11 1.00 4.87 3.87 0.00 4.06 4.06 0.11 4.11 4.00 4.42 0.52 3.79 3.07 
28/11 0.34 4.35 4.01 0.00 4.57 4.57 0.09 4.63 4.54 5.01 1.19 4.29 3.48 
29/11 0.98 5.17 4.19 0.00 4.14 4.14 0.05 4.20 4.15 4.55 0.67 3.90 3.16 
30/11 0.80 5.50 4.70 0.00 4.23 4.23 0.01 4.29 4.28 4.68 0.82 4.01 3.25 
01/12 1.18 5.27 4.09 0.00 4.85 4.85 0.09 4.91 4.82 5.31 1.54 4.55 3.69 
02/12 1.23 4.35 3.12 0.00 4.69 4.69 0.07 4.75 4.68 5.15 1.35 4.41 3.58 
03/12 0.87 4.00 3.13 0.01 3.77 3.76 0.24 3.81 3.57 4.06 0.11 3.48 2.82 
04/12 0.14 3.54 3.40 0.00 4.19 4.19 0.10 4.24 4.14 4.57 0.70 3.92 3.18 
05/12 0.94 3.53 2.59 0.00 2.86 2.86 0.01 2.89 2.88 3.16 0.00 2.70 2.19 
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Appendix B – Published Papers 
 
Mine water treatability studies for passive treatment 
of coal mine drainage 
Alexander Sutton1, Devin Sapsford1 and Arabella Moorhouse2 
1) Cardiff University, United Kingdom 
2) Coal Authority, United Kingdom 
ABSTRACT 
The closure of coal mines in the United Kingdom, and the subsequent rebounding of the 
groundwater has caused widespread pollution of watercourses. This has largely been 
through the deposition of hydrous ferric oxides, commonly known as ochre. This 
research has been conducted to further the understanding of the treatability of mine 
waters with respect to the rates of ferrous iron oxidation and particulate ferric iron 
settling that occur. Iron oxidation and settling rates were measured in freshly emerged 
mine waters using a 2.5 m high, 45 L capacity settling column, with periodic sampling 
from three different depths over a 48 hour duration. Mine waters with initial iron 
concentrations of between 3 mg/L and 18 mg/L, from sites across South Wales (UK) 
and New Zealand were tested. The results indicated that the limiting step for treatment 
on waters above pH 6 and below 18 mg/L iron was settling, which has significant 
implications for design interventions intended to increase treatment efficiency. The 
results also demonstrate the complexity of the mine water in relation to the rate of iron 
removal and the need for a test to determine the iron removal rate for individual mine 
waters. Furthermore the effect of decreased temperature on mine water treatability, 
which is important for understanding seasonal effects and the impacts of heat 
extraction from mine waters with heat pumps, was also examined, with results showing 
a decrease in mine water treatability at temperatures between 17.6 ˚C and 1.6 ˚C. 
 
 
 
 
 
 
 
 
 
Keywords: Oxidation, settling, passive, heat extraction 
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INTRODUCTION 
Treatment of iron (Fe) bearing mine water using passive treatment systems has been 
occurring in the United Kingdom (UK) for two decades. A considerable amount of 
research has been conducted on the chemistry of the processes by numerous authors, 
which has been utilized in the design of passive treatment systems. These passive 
treatment systems in the UK are predominantly a combination of settling ponds and 
aerobic wetlands suitable for the circumneutral ferruginous mine waters issuing from 
former coal mines. 
The design of past and current settling ponds has been based upon various criteria by 
different researchers. These include a 48 hour hydraulic retention time (NCB, 1982), 
anticipated Fe removal rate of 10 g/m²/d (Hedin, Nairn & Kleinmann, 1994) and 100 m² 
of pond area per L/s of mine water (PIRAMID, 2003). The calculation of the required 
area of wetlands is most often based upon one of two methods. The first was devised by 
Hedin, Nairn and Kleinmann (1994) and establishes a contaminant removal rate of 10 
g/m2/d for a system that must meet regulatory standards or 20 g/m2/d for reasonable 
improvement (PIRAMID, 2003). Tarutis, Stark and Williams (1999) proposed that the 
removal rate of Fe in wetlands was by first order removal instead of zero order removal, 
which the previous criteria are based upon.. These criteria produce sizably different 
scale treatment systems meaning that some are undersized, whilst others may be 
oversized (PIRAMID, 2003). Undersized schemes can lead to pollution incidents, 
whereas oversized schemes result in an unnecessary financial burden. A better 
understanding of the physicochemical processes influencing Fe removal for each site 
could reduce these uncertainties, taking into account the individual chemistry of the 
mine waters at each specific location. 
The treatability of mine water with respect to the application of passive systems 
depends upon the rates of the processes governing Fe removal. Overall Fe removal in 
these systems requires (i) sufficient oxygen (O2) transfer into the water to satisfy the O2 
demand of ferrous iron (Fe(II)) oxidation (ii) adequate residence time for Fe(II) 
oxidation and (iii) sufficient residence time to remove particulate ferric iron (Fe(III)) 
through filtration, accretion, or settling. The widely accepted rate law for oxidation of 
Fe(II) in pH >4 indicates a reaction that is influenced most significantly by the variation 
in pH (Stumm & Lee, 1961; Hove, Van Hille & Lewis, 2007; Millero, Sotolongo & 
Izaguirre, 1987). Studies on the rate of particulate Fe(III) settling are sparse and are 
usually combined with Fe(II) oxidation studies. One study on particulate Fe(III) settling 
rates using settling columns and laboratory simulated mine waters focused upon 
circumneutral and high pH waters in the range of 6-10 and found that there was no 
significant difference between settling rates of Fe at each pH tested (Hove, Van Hille & 
Lewis, 2007). Settling rates of particulate Fe(III) were found to demonstrate first-order 
behavior with respect to the concentration of particulate ferric iron, with settling rates 
varying for different mine waters (Sapsford, 2013). Hedin & Nairn (1990) suggested 
that “Fe removal rates are correlated with Fe concentration” for wetlands, but whether 
this is applicable to settling ponds is unknown. 
Aeration of the mine water prior to flowing into the settling pond is seen as an essential 
step in the treatment of ferruginous mine water (PIRAMID, 2003). This is to ensure that 
the Fe(II) is oxidized to Fe(III) so that it may precipitate in the settling pond. For some 
mine waters aeration cascades benefit by stripping dissolved carbon dioxide, therefore 
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raising the pH and increasing the Fe oxidation rate (Geroni & Sapsford, 2011; Stumm & 
Lee, 1961; Hove, Van Hille & Lewis, 2007; Millero, Sotolongo & Izaguirre, 1987). 
Temperature affects the treatability of mine water and the kinetics of Fe(II) oxidation 
(e.g. Stumm & Lee, 1961; Millero, Sotolongo & Izaguirre, 1987). Temperature might 
reasonably be expected to affect settling behavior of particulate Fe(III), although 
literature is interestingly lacking on this subject. Heat extraction from mine water has 
been demonstrated to be feasible and economic (Banks et al, 2004), however little 
consideration has been given to the effects it may have upon the treatability of the mine 
water. In the UK mine water is typically at a temperature of 10-12 °C year-round (Banks 
et al, 2004). Decreasing this temperature by the typical 5 °C (Banks et al, 2004), would 
be expected to cause a subsequent decrease in the rate of oxidation of the Fe(II) and 
possibly impact settling rates. 
This paper aims to (i) demonstrate a method for examining the treatability of different 
circumneutral ferruginous mine waters, which shows the rates of Fe(II) oxidation and 
settling of particulate Fe(III) under quiescent conditions for different mine waters, (ii) 
demonstrate the effect of aeration versus non-aeration and (iii) assess the effect of 
temperature reduction on mine water treatability. 
 
METHODOLOGY 
Iron removal tests were conducted for five mine waters from across South Wales and 
South Island in New Zealand. These studies were conducted using columns 2.5 m in 
height, (similar to a typical settling pond depth) and contained 45 L of mine water. 
Experiments were carried out on aerated and non-aerated mine water samples to 
determine the effects of aeration on the iron removal rates. Initial iron concentrations 
were between 3 mg/L and 17 mg/L. The experiments were run between 48 hours and 
158 hours. 
Iron Removal Rates 
Mine Water Collection 
A number of mine waters from coalfields in South Wales and New Zealand were used in 
the study, including active coal mine sites and passive treatment schemes. All of the 
samples from South Wales were collected prior to any aeration cascades. The sites were 
four passive treatment systems in South Wales (Glyncorrwg, Lindsay, Morlais, and Taff 
Merthyr) and one active mine in New Zealand, where the outfall from old mine 
workings pass over a waterfall prior to sampling. At each site 30 L containers were filled 
to the top to inhibit oxygenation in transit and transported back to the laboratory. 
Times varied from two hours to seven hours between sampling and commencement of 
the experiments. 
Settling Column 
The settling column was designed to replicate the processes occurring within a settling 
pond, although a difference in behavior might be expected where flow through the pond 
is not laminar. A relationship between the Fe concentration and column depth with time 
was determined by sampling every three hours from three sampling ports. An initial 
volume of 20 ml was extracted from each port and used to wash the beaker for each 
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sample. A further 45 ml was extracted, from which 20 ml was used for total Fe analysis 
(i.e. particulate Fe(III) plus dissolved Fe(II)), 20 ml was filtered through a 0.2 µm 
syringe filter for total dissolved Fe and 5 ml was used for Fe(II) analysis. Prior to 
analysis 1 ml of 20% hydrochloric acid was added to the 20 ml samples. 
 
Two settling columns were used for the water from each mine. In one column, the mine 
water was aerated by twice pouring the mine water between buckets held one meter 
above the other, in order to mimic the effects of an aeration cascade. In the second 
column, the non-aerated mine water was pumped directly from the 30 L container, 
through a pipe that passed down to the base of the column, thus minimizing the O2 
transfer into the mine water. The mine water was vigorously agitated in the sealed 
containers to re-suspend any sediment prior to being pumped into the columns. The 
columns were filled to within 0.05 m of the rim and remained undisturbed throughout 
the experiment. 
Inorganic Elements Analysis 
For the samples collected in South Wales total Fe was measured using a Perkin and 
Elmer Optima 2100DV inductively coupled plasma-optical emission spectrometer 
against certified standards. In New Zealand total Fe was determined using a portable 
Hach spectrophotometer with FerroVerr as the reagent. Iron concentrations above 3 
mg/L were diluted using deionized water before analysis on the spectrophotometer. 
Ferrous iron from mine waters in Wales was determined spectrophotometrically using 
a Hitachi U1900 spectrophotometer at a wavelength of 510 nm. The reagent used was 
1,10-phenathroline at Fe concentrations less than 15.0 mg/L. The mine water samples 
in New Zealand were measured using a portable Hach spectrophotometer with Hach 
Fe(II) reagent. Fe(II) concentrations above 3.0 mg/L were diluted using deionized water 
before analysis on the Hach spectrophotometer. 
Data Logging 
Throughout the duration of the experiment dissolved oxygen (DO), pH and temperature 
were measured using a HANNA 9828 multi-parameter probe. The probe was immersed 
in the mine water within the column at a height of 1.86 m. Calibration of the probe was 
undertaken before each experiment. Temperature, pH and DO were also measured in 
the field when the mine water was collected. 
Heat Abstraction 
Mine water collected from Taff Merthyr in South Wales was used for the heat 
abstraction experiments and was obtained in the same manner and analyzed using the 
same techniques as the column experiments above. The mine water was cooled during 
transport by storing in a cool box at reduced temperatures prior to refrigeration. The 
mine water in both columns was aerated prior to transfer into the column. 
Settling Column 
Two settling columns were used, one was kept at room temperature of 17.6°C and the 
second stored in a fridge at 1.6°C. The settling columns were 20 L square barrels, 0.55 m 
in height, 0.20 m in width and 0.20 m deep, filled to within 0.05 m of the rim. Samples 
were extracted from 0.1 m below the surface of the mine water. The experiment was 
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repeated using different temperatures of 12.9°C for the room temperature and 4.3°C in 
the fridge.  
 
RESULTS AND DISCUSSION 
Iron Removal Rate & Aeration  
The following can be inferred from the data presented below. Aeration of the mine 
water made little difference to the overall removal of iron for the mine water  at 
Glyncorrwg (Figure 1), which was roughly linear with an iron removal rate of 0.07 
mg/L/hr. This indicates that for this mine water particulate settling was likely to be the 
rate limiting step. At Lindsay (Figure 2) the data indicates that particulate settling was 
likely the rate limiting step for this mine water, with similar removal of total Fe after 48 
hours between the aerated and the non-aerated columns. The impact of aeration on the 
Lindsay mine water is more evident and it is noteworthy that after  20—30 hours the 
majority of Fe was in particulate Fe form, which may have been easier to remove (by 
filtration) if the water was passing through an aerobic wetland at these times. Total Fe 
removal in Figure 2 did not follow a linear trend over the duratio n of the experiment at 
Lindsay. The mine water for Morlais was most clearly impacted by the aeration as seen 
in Figure 3, with the total Fe removal in the aerated column being approximately 58% 
lower in concentration than in the non-aerated column after 48 hours. This indicates 
that for this mine water, both the Fe(II) oxidation rate and particulate Fe(III) settling 
rate are important in the overall treatability of the mine water. Again the overall iron 
removal is approximately linear over the duration of the experiment and is circa 0.20 
mg/L/hr. 
The mine water Taff Merthyr indicates that for this mine water particulate Fe(III) 
settling is the rate limiting step and thus controls the overall removal of iron for this 
mine water (Figure 4). Iron oxidation rates are different between the aerated and non-
aerated mine waters, but this has negligible impact on the overall Fe removal rate. The 
mine water at the active mine site in New Zealand (Figure 5) shows a case where there 
is no requirement for the oxidation of Fe(II) and that all the Fe is in the form of 
particulate Fe(III), thus Fe removal is solely governed by the rate of settling.   
The Fe(II) and total Fe concentrations between the three sampling ports in the columns 
were found to be very similar in all cases, typically within 4.4% and 3.0% of each other 
for total Fe and Fe(II) respectively. Consequently the average value between the three 
sampling ports was used to create the following Fe concentration versus time graphs. 
This means that the settling rates of Fe(III) are irrespective of the depth, which has 
implications for design of settling lagoons. 
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Figure 1 Change in Fe(II) and total Fe concentration with time in column at Glyncorrwg. Mean pH and 
initial DO during test = 6.52 and 4.99 mg/L respectively for aerated and 6.17 and 3.44 mg/L for non-
aerated 
 
Figure 2 Change in Fe(II) and total Fe concentration with time in column at Lindsay. Mean pH and initial 
DO during test = 6.58 and 8.00 mg/L respectively for aerated and 6.59 and 2.67 mg/L for non-aerated 
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Figure 3 Change in Fe(II) and total Fe concentration with time in column at Morlais. Mean pH and initial 
DO during test = 6.06 and 5.01 mg/L respectively for aerated and 6.36 and 3.23 mg/L for non-aerated 
 
Figure 4 Change in Fe(II) and total Fe concentration with time in column at Taff Merthyr. Mean pH and 
initial DO during test = 7.09 and 8.52 mg/L respectively for aerated and 7.11 and 2.62 mg/L for non-
aerated 
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Figure 5 Change in Fe(II) and total Fe concentration with time in column at active mine site in New 
Zealand. Mean pH during test = 6.48 for aerated and 6.48 for non-aerated 
 
Heat Abstraction 
Experiment one was conducted at a mean water temperature of 1.6 °C for the 
refrigerated sample and 17.6 °C for the room temperature sample. Experiment two was 
conducted at 4.3 °C for the refrigerated sample and 12.9 °C for the room temperature 
sample. The Fe removal rates have a similar linear relationship between total Fe 
concentration and time to the previous column tests at Taff Merthyr. 
Reduction in temperature in experiment one shows a decrease in the Fe removal rate 
between the room temperature sample and the refrigerated sample, with a difference in 
final Fe concentration of 0.8 mg/L after 48 hours. A similar  decrease was seen in 
experiment two, with a difference in final total Fe concentration of 0.9 mg/L after 48 
hours. Comparing the experiments shows that the Fe removal rates are variable and not 
solely dependent upon temperature, as the removal rate at 4.3 °C and 12.9 °C is higher 
than that recorded at 17.6 °C.  
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Table 1  Iron removal rates for mean temperatures of 1.6—17.6 °C, pH 6.4—6.8 and initial DO 6.0—6.2 
mg/L, duration of 48 hours 
Mean 
Temperature 
(°C) 
Initial Fe(II) 
Concentration 
(mg/L) 
Final Fe(II) 
Concentration 
(mg/L) 
Initial Total Fe 
Concentration 
(mg/L) 
Final Total Fe 
Concentration 
(mg/L) 
Fe Removal 
Rate 
(mg/L/h) 
1.6 2.32 0.12 5.13 2.24 0.03 
17.6 2.49 0.27 4.85 1.39 0.07 
4.3 3.22 0.13 5.13 2.09 0.07 
12.9 3.30 0.13 5.20 1.24 0.08 
 
CONCLUSION 
In conclusion, the findings of this study were as follows:  
(i) Particulate Fe(III) settling displays unusual settling behavior where the concentration is 
seen to decrease concurrently and equally at different heights within a column of 
quiescent mine water. 
(ii) For mine waters of similar character (low Fe concentration, pH 6.0—7.5, DO 2.62—8.52 
mg/L) the treatability of the mine waters is different and show instances where the 
relative rates of Fe(II) oxidation and particulate Fe(III) settling becomes more or less 
important. This information is very important for design, particularly where treatment 
efficiency is trying to be increased. The data presented thus demonstrate the importance 
of mine water treatability studies for each new mine water to be treated. 
(iii) Decreasing the temperature of the mine water by between 8.6—16°C leads to a reduction 
in the treatability of the mine water. 
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